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Abstract

In this work, a model is developed to analyze the impact of household heat pumps and photovoltaics
on the electricity distribution grid in Hamburg. Referring to existing studies and tools, this thesis first
estimates the future heat and electricity demand, as well as the electricity generated by PV, for residential
buildings in Hamburg. Based on a set of criteria, a specific energy system is then assigned to each
building. Using this information as input, the total electricity demand is subsequently calculated using
a linear optimization model. In this study, a total of 229,119 building objects are assessed. To evaluate
the impact different combinations of technologies can have on the electricity distribution grid, the results
are aggregated based on their approximate location in relation to the grid areas. Finally, two indicators,
namely: full load hours and the ratio between the peak demands in positive (energy taken from the grid)
and negative (energy fed into the grid) directions, are derived from the aggregated results to provide a
simplified assessment of the grid situation.
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1 Introduction

According to a newly published report from the United Nations’ Intergovernmental Panel on Climate
Change (IPCC) from March 20, 2023, emissions of greenhouse gasses must decrease now and will need
to be cut by approximately half by 2030 to realistically reach the goal of limiting global warming to 1.5
°C [[]]. This urgent need to reduce greenhouse gas emission is also reflected in the German climate policy,
where emissions are to be reduced by at least 65% by 2030 and by at least 88% by 2040 (compared to
1990) [2]. In Figure [T.T]the greenhouse gas emissions of Germany (in CO; equivalents) from the year
1990 up to 2022 is shown.

Emission of greenhouse gases covered by the UN Framework Convention on Climate

Million tonnes of carbon dioxide equivalents

1,400
1,200
1,000 L LI RiEgn
800 T T Tt
600
400
200 [
neutrality
1995 2000 2005 2010 2015 2020 2022 Target  Target
2045
¥ Energy Industry M Industry W Transport Buildings W Agriculture M Waste and Waste Water

Emissions by sector of the German Federal Climate Protection Act, excluding land use, land use change and forestry Source: German Environment Agency, National Greenhouse Gas Inventory 1990 to
* Adjusted Targets 2030 and 2045: according to the revision of the Federal Climate Protection Act (KSG) as of 12.05.2021, including 2021 (as of 03/2023), for 2022 preliminary data (as of 15.03.2023)
annual adjustments

Figure 1.1: Greenhouse gas emissions in Germany by sector from 1990 to 2022 .

From Figure [I.1] it is also clear that while a downward trend can be observed along the years, it is
currently not enough to reach the climate reductions goals in 2030. Out of the different sectors, it can also
be seen that the highest emission is caused by the energy industry with around 34% of the total emission.
This highlights the urgent need for energy generation from renewable sources. Historically, electricity
generation in Germany was dominated by large thermal power plants fueled with nonrenewable sources,
namely natural gas, coal, and nuclear power, all under the premise of cost minimization. The prominence



of electricity generation from renewable sources came about following a paradigm shift towards climate-
friendly generation starting in the early 2000s. This shift initiated a transition in electricity generation
away from roughly 300 large thermal power plants to currently over one million decentralized renewable
generation plants [4]. In the first half of 2023, the majority of the electricity generated in Germany
and fed into the grid came from renewable energy sources, accounting for 53.4% of the total generation
[5].

In an urban environment such as the Free and Hanseatic City of Hamburg, the focus lies primarily on solar
generation technologies such as PV (Photovoltaic) for energy supply. Coincidentally, one of the largest
PV potential in Hamburg lies on roofs of residential buildings [|6]. Given the relatively simple installation
process and the maturity of the solar industry, there has been a growing interest in PV systems, especially
rooftop PV [7]], in recent years [8]. However, a rapid and uncontrolled increase of PV penetration may
compromise grid stability [8], [9]]. Considering Hamburg’s reliance on PV, especially rooftop systems, it
is essential to examine the effects of widespread decentralized PV systems on the electricity distribution
grid. Due to the decentralized nature of PV generation, the analysis should also be conducted using high
spatial resolution.

Behind the industry and transportation sectors, where emission reductions are often challenging [[10]],
[[11]], the building sector is responsible for approximately 15% of the total greenhouse gas emissions. In
Hamburg, this proportion increases to around 25%, second only to the industrial sector (28%) [[12]]. This
underscores the significance of the building sector in achieving the emission goals of both Germany and
Hamburg. Despite the imperative to reduce greenhouse gas emissions, the final energy consumption in
households has increased by approximately 2.3% compared to the year 1990 [13]. To better understand
how energy is consumed on average in private households, the final energy consumption is categorized
based on its usage in Figure|1.2

Figure 1.2: Energy consumption for housing, by area of energy use, 2021 [14].

From Figure it is evident that the overwhelming majority of the energy consumed in households is



used for heating purposes. To better understand the potential for reducing greenhouse gas emissions in
household energy consumption, Figure presents the energy sources for this consumption. Despite
the sharp decrease in the usage of mineral oil over the years, roughly 58% of the end energy consump-
tion comes from conventional sources [[15]]. Heat supply in private households represents therefore an
important lever to successfully achieve the climate protection goals.

Figure 1.3: Energy consumption for housing, by energy source [/15].

In 2023, approximately 31% of residential buildings in Hamburg are connected to a district heating
network, a figure significantly higher than the countrywide average of 6% [16]. For regions, where
district heating is not technically or financially feasible, climate friendly alternative heating technology
has to be assessed. With a view of the current climate target, heat pump is often seen as an ecologically
feasible option. Furthermore, the symbiotic relationship between heat pump and PV has also been well
documented in the literature [17]. In an urban environment such as Hamburg, heavily reliant on solar
generation from PV, this symbiotic relationship is of high importance. Additionally, heat pumps have
demonstrated a relatively high degree of public acceptance [|18]], evident in the sharp rise in demand for
residential heat pumps in recent years [19]. Despite the promising nature of heat pump, the additional
load on the electricity grid caused by the electrification of the heat demand cannot be ignored.

Contrary to the interconnected nature of the electricity grid, the heat demand from residential buildings
is typically not connected to one another, except for cases involving a district heating network. For
this reason, high spatial resolution is required to assess the feasibility of a highly decentralized heating
system based on heat pumps.



1.1 Objective

Based on the above-mentioned reasons, the idea of analyzing the effect of heat pumps and PV systems
for residential buildings towards the electricity distribution grid was developed. Using this idea as a
foundation, the following objectives are derived:

* Estimate the heat and electricity demand of every residential building in Hamburg

» Estimate the potential of rooftop PV of every residential roof surface in Hamburg

* Analyze the feasibility of heating supply based on heat pumps

* Analyze the effect of heat pumps and PV systems on the electricity distribution grid

In addition to these objectives, the decision to simulate each individual building is also made. Therefore,
the method develop in this work has to be somewhat efficient in term of computational time.

1.2 Thesis Outline

This work is essentially divided into three main segments. The first segment begins with a short literature
overview over the methods used in the literature to analyze the effects of the aforementioned technologies
on the electricity distribution grid (Chapter [2). The segment then continues with a brief overview of the
fundamentals used in developing the methodology presented in this thesis (Chapter[3). The first segment
then concludes with a brief overview of the external datasets used in this work (Chapter {). The core
segment begins with Chapter [5] in which the individual steps taken to develop the model are presented.
Subsequently, plausibility checks are conducted to estimate the extent of errors made using the presented
method (Chapter [6)). Following that, the results generated using the developed method are shown and
discussed in chapter[7} The final segment (Chapter [8) summarizes the results of this work and provides
an outlook on possibilities for improving, optimizing, and expanding the methodology outlined in this
thesis.



2 State of the art

To assess the relevance of the aforementioned objective, a literature regrading the effects from the com-
bination of heat pump and PV system on the electricity grid is conducted.

In recent years, it is evident from the literature that low carbon technologies, such as PV, heat pumps, bat-
teries and hot water tanks, have been a focal topic of numerous research projects [20]—[23]]. This trend can
also be observed in Germany through the Energy Research Programme (Energieforschungsprogramm),
currently is in 7th iteration [24]. Despite the differences in methods and scope, a consensus regarding
the importance of sector coupling for the decarbonization of the energy system can be found [25].

From the literature, it is widely known that the use of sector coupling to decarbonize the heat sector
often occurs at the distribution level, e.g., individual buildings or districts [20]], [21]. However, the
consideration of flexibility options often occurs on a centralized or aggregated level [20], [21], [25],
[26]. This lack of granularity may limit the conclusion regarding the effect sector coupling can have on
the electricity distribution grid.

To combat this issue, a tool was developed in the research project eGo" to investigate the effects of sector
coupling on the electrical grid with a comparatively high spatial resolution [27], [28]]. Nonetheless, due
to complexity of the generated model, a reduction method is employed to reduce the spatial complexity
of the model. Since this project aims to study the whole region of Germany, the accuracy of the reduced
model is assumed to be high enough [29], [30].

Due to the special situation of Hamburg as a state city, the usage spatial aggregation, as described in
eGo", may lead to disproportionate high losses in accuracy. This is mainly attributed to the characteristic
of Hamburg, where, based on the NUTS (Classification of Territorial Units for Statistics), its region are
not split further. Considering the aforementioned reason along with the considerably smaller scope of
this thesis as compared to the eGo", the decision made in this work to work on a new high spatially
resolved model specific to Hamburg, which builds upon parts of the assumptions and methods developed
in eGo".



3 Fundamentals

In this chapter, a brief overview of the basics upon which this master thesis is built is presented. It
begins with a concise explanation of the typical methodology used to model energy demand. Following
that, a brief overview of the technologies of a residential heating system used in this work is presented.
Subsequently, a brief introduction regarding a PV system is provided. The chapter then continues with
a brief description of the electricity system and its electricity grid. To conclude the chapter, a small
introduction towards optimization and LP (linear programming) is provided.”

3.1 Energy Demand Modeling

With the ever-increasing importance of the building sector for the climate protection goals [31]], numerous
building energy models have been developed along the years to better understand the role of buildings
in climate protection [32]. Depending on chosen approach, the models can be classified into either
top-down or bottom-up model [[33]. Within top-down models building stocks are often regarded as a
black box, and their energy consumption is estimated by establishing correlations between consumption
at an aggregated level and relevant variables. On the other hand, bottom-up models estimate the energy
consumption of individual or groups of buildings. More precisely, the bottom-up models can be distinctly
categorized into either statistical or engineering-based methods. [[32]]-[34]. In the following both variants
of bottom-up models are explained further, as both approaches are used in this thesis.

A Bottom-up statistical building energy model uses on historical measurement data as an input for a
mathematical model, mostly based on regression analysis, to estimate the energy consumption of the
considered buildings. [32f], [35]. Despite the often higher accuracy of this approach, the downsides of
such an approach have to be considered. Apart from the inherent dependency on site-specific measure-
ment data, statistical models often lacks transparency [36]. In the context of this thesis, this approach is
indirectly employed, as electrical load profiles generated using a statistical bottom-up approach devel-
oped in [37] are used in Chapter This statistical model is used as one of the inputs to estimate the
electricity load profile of each and every residential building in Hamburg.

Engineering-based methods, on the other hand, do not rely on measurement data as the energy consump-
tion are estimated using physics-based calculation or simulation [33]], [34]]. Depending on the aggregation
process, two major types of engineering-based bottom-up models can be identified, namely: the build-
ing by building approach and the archetype approach [32]], [34]], [38]]. The building-by-building method
involves simulating the energy consumption of each individual building separately. The archetype ap-
proach on the other hand uses specific building types (“archetypes”) to represent a cohort of buildings
[32]]. Due to the nature of the archetype approach, it is often utilized in large-scale analyses where
comprehensive building information, such as insulation details, is not available for each building [39].



Within this work, the bottom-up archetype approach is utilized in Chapter [5.2] using the TABULA ref-
erence method [40], [41f]. Using this method, the annual heat demand of each residential building in
Hamburg can be estimated.

3.2 Heating System

Within this work, a building is assumed to either be connected to a district heating network or have a
single specific heating system. In the context of this thesis, a heating system always comprises of a
heat pump, electrical heater, and a thermal energy storage. In the following, a brief overview of the
technologies considered in this work to meet the heat demand of a building is provided.

3.2.1 District Heating

The term district heating refers to the supply of hot water and space heating energy to buildings via an un-
derground pipeline network [42]. A district heating system mainly consists of three primary components:
heat source, distribution network, and end-users (consumers) [43]].

Heat Source

One of the major advantages of district heating networks is the flexibility of the heat sources, allowing
the integration of a variety of centralized and decentralized sources [42], [43]. For economic reasons,
heat is primarily supplied by centralized CHP (combined heat and power) plants, supported by peak-
load boilers [44]]. Due to the flexibility of district heating networks, it is also possible to integrate waste
heat from industrial processes, waste recycling, or wastewater treatment, as well as heat from renewable
sources [42[]-[44]]. In Germany, the majority of fuels used to generate district heating are still fossil fuels,
while around 18% of total generation comes from renewable energy sources [45]]. In Hamburg, a share
of 20.2% of renewable energy is reported [46].

Heat Distribution Network

The second component is the heat distribution network that transports the energy from the heat source
to the customers. In the distribution network, hot water is typically used as the heat transfer medium.
Through an insulated pipe system, heat is distributed to the customer, where a heat exchanger is used to
transfer the required amount of heat. The cooled heat transfer medium then flows back to the heat source
to begin the cycle once again [43]]. Due to the high costs of the heat distribution networks, the viability
of district heating solutions is often limited by the heat density of the potential heat supply area [47].



End-users

In principle, any building can be linked to a district heating network, given the availability of a compatible
building system [48]]. Figure|3.1|provides an overview of the most important terms for heat transfer from
district heating. As this work considers only a simplified approach regarding the connection between
district heating networks and individual buildings (see chapters [d.6|and [5.7), further explanations of the
components are omitted from this thesis and can be found in the literature (e.g. [48]]).

Figure 3.1: Overview of house connection for district heating [48]].

In recent years, district heating has been identified as one of the key technologies in the urban heat-
ing transition toward a climate-neutral heating supply [49]. In Hamburg, district heating has also been
identified as one of the most important levers for the CO2 reduction path in all sectors [|50].

3.2.2 Heat Pump

Generally speaking, heat pumps are systems in which pumps are used to generate useful heat from a
low-temperature source. The generated heat can then be utilized for numerous applications, including
space heating, domestic hot water supply, or process heat. Heat pumps can be generally differentiated
into three kinds [51]]:

* compression heat pumps
* absorption heat pumps
* adsorption heat pumps

Currently, compression-based and absorption-based heat pumps are the most commonly used systems in
the market [52]. In the following, the operating principle of compression heat pumps is explained.



Compression Heat Pumps

Essentially, compression-based heat pumps can be seen as refrigerators operating in reverse. Figure
[3.2] provides an overview of the operating principle of compression heat pumps. In the evaporator, a
refrigerant is first vaporized using heat extracted from a low-temperature heat source. The refrigerant in
the gaseous form is then compressed using a compressor and raised to a higher pressure and temperature
level. The generated heat is dissipated in another heat exchanger, the condenser, where it can be utilized
for various purposes. In the liquefied state, the refrigerant is now expanded via an expansion valve,
causing it to cool down and finally return to the evaporator to begin the next cycle [51]], [53].

Compressor

-
Water Out

Heat Exchanger
Evaporator

Ambient Air
—..

—~——
Water In

Expansion Valve

[ ']
Cool Refrigerant
s ;

Low Pressure Side

Condensed Refrigerant
High Pressure Side

Figure 3.2: Operating principle of compression heat pump .

Coefficient of Performance (COP)

The performance of a heat pump is defined by its COP (coefficient of performance). This coefficient
describes the efficiency of a heat pump and is defined as the ratio between the useful heat W}, and the
required energy for compressor W,. As the heat output taken from the environment heat output is not
taken into account, the COP of a heat pump is is always greater than 1 [51]].

Wi
COP = P
W,

[

3.1

COP coefficient of performance
Wiy useful heat energy from heat pump
W, energy demand for compressor



As the amount of energy needed for the compressor depends on the amount of heat available from the
environment, the calculated COP is normally related to a specific operating condition [55]. The COP is
later used in Chapter [5.8]to estimate the electricity demand of the heat pump.

3.2.3 Electrical Heater

Electric heating systems generate heat from electric current. Heat is generated in an electrical resistor,
which is heated by the flow of electricity. Different concepts exist in the market for generating heat from
electricity [56]]. In the following, several relevant concepts commonly used in the residential sector are
discussed.

Electric Heating Rods

In the residential sector, electric heating rods are used in conjunction with a storage tank for generating
heat energy for space heating and domestic hot water. Heating rods consist of several interconnected
heating elements, depending on the required output. When current flows through the heating rod, heat
is generated due to the high ohmic resistance, and it is then transferred to the medium being heated.
This technology is particularly suitable to work in combination with other heating technologies. User
This type of electrical heater is often cited to have a thermal efficiency close to 100%, as all incoming
electricity is converted to heat. [56].

Electric Flow Heaters

In contrast to heating rods, electric flow heaters do not require a storage tank and can be directly inte-
grated into the heating or domestic hot water circuit. They consists of a pressurized tube, with one inlet
and one outlet nozzle, which together form the flow tube. Water flowing through the tube is then heated
by heating elements inside the flow tube. Similar to heating rods, this type of system is often mentioned
to have a thermal efficiency close to 100% [56].

Electric Surface Heating Systems

Another option for generating heat from electricity is the usage of electric surface heating systems. In
the context of residential buildings, this concept is also often referred to as electric underfloor heating
systems. In accordance with DIN EN 50559, such concept offers a well-established alternative to con-
ventional water-based heating systems. Due to the even heat distribution over the floor surface, heat
savings of up to 10% are possible [|56]]. As this concept is not designed to also provide heat required for
domestic hot water, electric underfloor heating systems are not considered in this thesis.
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3.2.4 Thermal Energy Storage

In the course of the energy transition, heat storage is a key component for a modern and sustainable
energy supply through the decoupling of heat generation from heat consumption. Based on the physical
principle used, thermal energy storage system can be differentiated into three types [56]:

* sensible heat storage
* latent heat storage
* thermochemical heat storage

Among the available technologies, sensible heat storage is currently commercially available, while latent
and thermochemical heat storage methods are predominantly in the developmental stage [57]. For this
reason, only sensible heat storage is considered in this work.

Sensible Heat Storage

Heat storage in a sensible heat storage system is achieved by heating a storage medium. The amount of
energy stored depends on the specific heat capacity of the storage medium. For short-term storage, many
sensible heat storage systems are operated with water due to its low costs and high specific heat capacity
(561, [58].

Due to the relatively high temperature differences between the storage medium and the environment, heat
losses plays an integral part in this type of storage. Additionally, the heat losses of a storage tank also
depends on the shape of the storage tank and the type of insulation used. With the help of appropriate
thermal insulation, the associated heat losses can be reduced [56], [58]. The heat losses considered in
this work are further explained in Chapter[5.5.3|and subsequently utilized as an input in Chapter [5.8]

3.3 Photovoltaic (PV) System

In the following section, a brief overview of both PV systems and battery storage systems is provided.
The section begins with a simplified explanation of a PV system, covering several important aspects of
such a system. To conclude this section, an introduction to a battery storage system in the context of a
PV system is presented.

3.3.1 PV System

PV modules enable the direct conversion of solar radiation into electrical energy. This is based on the
photoelectric effect, in which photons are absorbed within a PV module, and electrons are released in
the process. PV modules are produced using semiconductor materials such as silicons. The PV modules
provide direct current, which can later be converted into alternating current using an inverter. The per-
formance of PV modules depends on various factors, such as the quality and purity of the semiconductor
material and the size of the PV modules. Currently, a PV module has a power density of approximately
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200 W/m? and a typical size of 1.6 m?. The entirety of the PV module, inverter, and other peripherals is
referred to as a PV system [6].

The amount of energy generated from a PV system depends on several technical framework conditions.
In the following, some of the most important points are presented.

Azimuth and Tilt Angle

As the PV generation profile of a particular system depends on the solar radiation, which depends on
position of the sun, the performance of a PV system is highly influenced by its azimuth « and tilt angle
~. The solar azimuth can be described as the angle between the geographic north and the vertical circle
passing through the center of the sun, wherein tilt angle is the vertical angle between the horizontal
and the array surface [51]], [59]. In the Northern Hemisphere, azimuth is often calculated from the
south for solar applications, this orientation may maximize the received solar radiation [60]. To avoid
misunderstandings, this work utilizes north azimuth (0° = North, 90° = East, 180° = South, 270° =
West).

Shadings

Within a PV system, shadings are to be avoided wherever possible, as even partial shading can lead to
disproportionately high losses [51]]. Based on the source, a distinction is made between external shading
(due to buildings, trees, etc.) and self-shading. Due to the detrimental effect of shadings, future sources
of shading should also be taken into account in planning [|6].

PV System and Performance Ratio

As previously mentioned, a PV system is made up not only of PV modules but also of different com-
ponents that fulfill various roles. Since most of these components are electrically connected to the PV
modules, proper planning of these components is crucial for the performance of a PV system due to the
potential losses that may occur [61]]. To evaluate the performance of a PV system, a parameter called PR
(performance ratio) is often used. PR is a globally recognized performance parameter of a PV system
and represents the actual energy generated by the PV system to its expected energy. In simpler terms, the
Performance Ratio (PR) serves as an indicator of the losses that occur within the system [[62].

3.3.2 Battery Storage System

Due to the decreasing rate of feed-in-tariff, recent increases in electricity prices, and the intermittency
of PV generation, an increase in the adoption of battery storage systems into PV systems can be seen
in recent years [63[]-[65]. Historically, the price of battery storage systems is often cited as one of the
limiting factors for the integration of batteries into PV system [63]], [66]. Fueled by recent developments,
mass production, and further advancements in the field, the price of battery storage unit has significantly
decreased over the years, leading to the higher adoption rate of batteries in PV systems [67]], [|68].
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Out of the different technologies available in the market, four concepts have been shown to be suitable
for residential PV systems, namely: lead-acid batteries, lithium-ion batteries, sodium sulphur batteries,
and vanadium redox batteries [[63|]. Compared to other technologies, lithium ion batteries are shown to
have higher efficiency and longer lifetime, while retaining high energy density [57]], [63[]. Outside of
solar applications, lithium-ion batteries are also often regarded as the most prominent battery technology
due to their significant role in electric vehicles [69]-[71]. Due to the prominence of lithium-ion batteries
in the market, this technology is used in this thesis.

3.4 Electricity System

In the following section, a brief overview of the structure of the electricity system and the electricity grid
is provided. This section begins with a simplified explanation of the electricity system. Following this,
the structure of the electricity grid in Germany is touched upon. Finally, the challenges arising in the
electricity grid due to the increasing integration of renewable energy sources are briefly discussed.

3.4.1 Electricity System

Electricity system can be roughly defined as the the entirety of all systems required for the generation,
transmission and distribution of electrical energy [72]. An electrical system does not comprise only
of the physical infrastructure but also of the underlying electricity market [73]. Figure [3.3] provides a
schematic overview of an electricity system.

Figure 3.3: Schematic overview of the electricity system [73]].

The physical side of the electricity system, which refers to the flow of electricity, comprises of electricity
generators and its transportation system. Depending on its goal, the system is typically differentiated into
systems designed for long-distance transmission and distribution system [73|]. The physical grid (also
often called the electricity grid) is explained further in chapter[3.4.2] Generally speaking, the electricity
market deals with the cash flow of the electricity system [73]]. As economic aspects are not considered
in this work, further explanations regarding the electricity market are omitted.
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3.4.2 Electricity Grid

The German electricity grid is one of the most important electricity grids in Europe and dates back to
a time when the electricity supply was dependent on a few centrally controlled large power plants [[72].
Furthermore, the German grid is a part of the European synchronous grid, which connects the electricity
grid of more than 20 countries in continental Europe [72], [74]]. As previously mentioned, the electricity
grid can be seen as a network that connects electricity generators with customers through the transmission
and distribution grids [[73]].

As previously mentioned, the electricity grid in Germany is differentiated into the transmission grid and
distribution grid. Figure provides a simplified representation of the structure of the electricity grid.
Also seen in the figure is the categorization of the grid depending on its voltage level. Electricity is
transmitted between voltage levels using transformer substations.

Figure 3.4: Germany'’s electricity distribution grid [[75].

Transmission Grid

The transmission grid, also known as the transport grid, is utilized to transport electrical energy over
long distances. Moreover, to minimize transmission losses, energy is transmitted at very high voltages
[76]]. Transmission grids in Germany and neighboring European countries typically operate as systems
based on three-phase current at 220 and 380 kV. Grids at this voltage level are also often referred to as
ultra-high-voltage grids [72], [75], [76].

At this voltage level, only large thermal power plants and, more recently, large wind farms are connected,
with no loads present [72]], [77]]. The operation of the transmission grid falls under the responsibility of

14



the TSOs. The transmission grids of all interconnected partners form the European interconnected grid
[74], [76].

Distribution Grid

A distribution grid is used to distribute electrical energy to end consumers and is managed by DSO, of
which 866 exist in Germany [[73]], [78]], [79]. The distribution grid comprises of the 110 kV high-voltage,
10 kV medium-voltage, and 400 V low voltage grid [72], [[78], [8O].

High-voltage Grid The high-voltage grid in Germany spans roughly 95,000 kilometers [[79]]. These
grids primarily receive their energy upstream from the transmission grid through a transformer substation
and serve as a redistribution system at the regional level. Additionally, high-voltage grids supply elec-
tricity directly to large industrial consumers and are used to feed electricity from smaller power plants,
wind farms, and large PV parks [81]], [82].

Medium-voltage Grid The medium-voltage grid represents the second level of the distribution grid
and receives energy from the high-voltage grid and/or from decentralized installed capacities, such as
small PV plants or wind parks [81[], [82]. Through the medium-voltage grid, electricity is distributed
at the local level in urban and rural areas, with industrial and commercial sites often directly connected
at this voltage level [[72]], [82], [83]]. In densely populated areas, underground cables are predominantly
used, whereas overhead lines are often found in rural areas [84]. In total, the length of the medium-
voltage grid in Germany amounts to roughly 530,000 km [[79].

Low voltage Grid The low voltage grid represents the lowest voltage level of the electrical energy
supply, connecting end consumers, private households, and small commercial and industrial sites to the
electricity grid [|85]. At this voltage level, electrical energy is provided upstream from higher voltage
grids or is received from small-scale decentralized sources, such as rooftop PV systems [83]]. In total,
the low voltage grid in Germany has an approximate length of 1,570,000 km [[79]].

3.4.3 Challenges due to Renewable Energy Integration

Within the electricity system, the supply and demand of electricity must be equal at all times, as imbal-
ances can lead to grid instabilities and in extreme cases blackouts [[73[]. Compared to other European
Countries, Germany’s electricity grid is characterized by a high level of stability and reliability [86].
In the wake of the increasing decentralized and variable electricity generation due to the expansion of
renewable energy systems, new challenges have to be addressed to ensure the stability of the grid [87].
In the following, a number of challenges that are relevant to this thesis are discussed.
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Variable Generation and Flexibility

Historically, imbalances in the electricity grid were primarily attributed to unplanned and unpredictable
loads. However, with the advent of the energy transition, greater emphasis has been placed on the
variability associated with generation from renewable energy sources [87]], [88]. Consequently, there is
an increasing need for system flexibility to cope with the additional variability and uncertainty introduced
by renewable energies [88]], [89].

Residual Loads and Grid Congestion

Residual load is defined as the difference between actual consumption and generation from non-dispatcha-
ble renewable energy sources [[82]]. Depending on the level of renewable feed-in, two challenging situa-
tions may arise: high and low residual load.

At times of high residual load, indicating low electricity from renewable sources, flexible power genera-
tion is required to meet energy demand. Currently, this flexibility is predominantly provided by conven-
tional power plants [90]], [91]. This has sparked discussions regarding the role of flexible conventional
power plants in supporting the integration of renewable sources into existing infrastructure [90], [92],
[93]].

In contrast, low residual load (or even negative) occurs during times of high electricity generation from
renewable sources. Depending on the available capacity of the electricity grid, this situation can lead to
grid congestion. Grid congestion arises when the demand for transmission exceeds the available capacity
for electricity transmission [90], [94].

In the transmission grid, an example of grid congestion occurs during periods of strong wind. This is
attributed to the prevalence of wind turbines in the north and east of Germany and the simultaneous high
electricity demand in the southern and western regions, necessitating the transportation of wind power
over long distances [94], [95]]. Grid congestion can also manifest locally in the distribution level due
to the increasing amount of decentralized PV and wind power plants. The growing penetration of these
technologies amplifies power flow in lower voltage levels [96]. In cases of grid overload, electricity
must be transferred to higher voltage levels, a phenomenon commonly known as reverse power flow. As
the electrical grid was historically designed without the consideration of bidirectional flow of electricity,
reverse power flow introduces additional challenges in maintaining the stability of the grid [|82], [97]-
[99].

Consideration of the Challenges in this Thesis

In the literature, a considerable number of options are available to improve flexibility within the grid
[100]. As this thesis aims to analyze the impact of heat pumps and PV in a residential context, the con-
sideration of flexibility is limited to the potential of sector coupling in individual residential buildings.

The spatial resolution used in this work, namely individual buildings, is chosen based on considerations
related to grid congestion. However, to study the effects on the distribution grid in Hamburg, aggregation
is required. This aggregation is done at the medium-voltage level due to the availability of the dataset.
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3.5 Optimization

In the course of the energy transition, there has been an ever-increasing emphasis on achieving a high
share of generation from renewable sources while simultaneously minimizing its costs [101f]. Such a
problem is often framed as an optimization problem, falling under the branch of applied mathematics
known as operations research. An optimization problem is commonly defined as the use of specific
methods where the objective is to minimize or maximize a particular characteristic, such as cost, in
which its variations are limited by an objective function. The setup of an optimization problem involves
not only the mathematical formulation of the objective function but also the formulation of a set of
constraints [[102]]-[104]]. In the following a simplified mathematical representation of an optimization
problem is presented.

In general, an optimization model consists of an objective function F' that is to be maximized or mini-
mized. The value of the objective function depends on the decision variables x; up to x,,, which, in turn,
are subject to constraints g; [[102]—[104].

z2=F(x1,...,xy) (3.2)

>

gi(x1,..,xn) = bViem (3.3)
<

Among the various types of optimization, this thesis focuses on a specific sub-type known as linear
programming.

3.5.1 Linear Programming (LP)

LP utilizes a mathematical model to describe a specific problem, where all mathematical functions (ob-
jective function and constraints) are linear. The significance of linear programming in real-world appli-
cations cannot be understated, given that many practical problems, including energy system models, can
be effectively modeled as linear optimization problems [[103]], [105]. This development is further driven
by the prevalence of a remarkably efficient optimization method known as the simplex method, allowing
the solving of large linear programming problems [[103].

As this thesis aims to optimize individual residential buildings for the whole region of Hamburg, consid-
erations have to be made regarding the required computational time. Therefore, the CPLEX commercial
solver, which is based on the simplex algorithm, is used within this thesis [106]. The decision to use
a commercial solver instead of open-source solvers is partly based on publicly available benchmarks,
which highlight the current discrepancy in terms of computational speed between the solvers [107]],
[108]. While it is clear that the models used for these benchmarks are significantly larger and more com-
plex than the LP model used in this thesis, it is assumed that the difference in solving speed is also present
in smaller models. Despite this, the development of open-source solvers should not be ignored, as the
availability of high-performance open-source solvers can enhance the accessibility of energy modeling
tools [[107], [109]
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4 Data

In this chapter, a brief overview is provided regarding the external datasets used in this study. In Figure
[.1)a simplified workflow showing where each of the external datasets are used in this work is provided.
Additionally, this section addresses the constraints and considerations arising from the combination of
diverse datasets.
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Figure 4.1: Overview of the usage of external datasets

4.1 2011 German Census

In accordance to an EU regulation from 2008, a population, building and housing census was carried
out in Germany in 2011 [110]]. The results of this census are publicly available in different aggregation
levels. The data are either aggregated based on its region (from NUTS-1 (Classification of Territorial
Units for Statistics) up to the municipality level) or its geographical grid (either 1km x 1km or 100m x
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100m areas) [111]]. Also stated in the EU regulation is the obligation for its member states to conduct a
census every ten years. Due to the corona virus pandemic, the census was postponed to 2022. The results
of census 2022 are scheduled to be published in 2024 [[112]], [[113]]. Within this work, the census data set
is used in Chapter[5.3]to approximate the electrical load profile for each city district.

4.2 ALKIS

ALKIS (Authoritative Real Estate Cadastre Information System - Amtliches Liegenschaftskatasterinfor-
mationssystem) is the standardized national data model developed by AdV (Working Committee of the
Surveying Authorities of the States of the Federal Republic of Germany - Arbeitsgemeinschaft der Ver-
messungsverwaltungen der Linder der Bundesrepublik Deutschland), in which formerly separately kept
real estate books and real estate maps are combined [114]]. ALKIS data set for Hamburg is continuously
updated at the beginning of each quarter and is publicly available [[115]]. For this work, ALKIS data set
from April 2023 is used.

Among all of the datasets available within ALKIS, two objects are of particular interest for this work:
buildings and addresses. In ALKIS building are differentiated between main and secondary buildings,
where only main buildings are assigned a particular address. Secondary buildings, on the other hand,
are assigned a pseudo number, which points to a particular main building [[116]. Using these pseudo
numbers, an address can be indirectly assigned to secondary buildings using the connection between
secondary and main buildings.

Within this work, the method used to approximate the heat demand for each residential building in
Hamburg (Chapter[5.2) is based on ALKIS data set. Furthermore, ALKIS data set is also used in Chapter
[5.3|together with census data set to generate city district specific electricity load profile.

4.3 3D City Model Hamburg

The 3D city model of Hamburg is publicly available in three versions, which differ in terms of their LoD
(level of detail): LoD1, LoD2, and LoD3. These levels represents different accuracy levels, with higher
levels offering greater precision and higher structural complexity. Figure .2] provides a representation
of a building in the different level of detaillevel of details.

Figure 4.2: Representation of the same building in the Levels of Detail 1-3. [[117]]
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This study uses the 3D city model of Hamburg with the level of detail LoD2 from April 2023. This deci-
sion is made considering the availability of LoD3 dataset and the superior accuracy of LoD2 compared
to LoD1 [117]], [118]. In the LoD2 model, the laser data obtained from aerial surveys of all roof surfaces
is examined, and the data is used to assign standardized roof shapes to corresponding buildings. The
modeled buildings utilize building floor plan from ALKIS, pointing to the connection between the two
datasets [[119]].

Within this work, the LoD2 data set is utilized to examine the available roof surfaces on every residential
building in Hamburg for the utilization of PV (Chapter [5.4)).

4.4 Solar Potential Study Hamburg

For the analysis of PV potential on residential buildings in Hamburg, solar potential study in Hamburg
commissioned by the EEHH (Renewable Energies Hamburg Cluster - Cluster Erneuerbare Energien
Hamburg) is used in this work. The solar potential study utilizes a public database to generate hourly
weather data for a 20-year period, covering January 1, 2001, to December 31, 2020. The weather data is
then used to generate hourly PV generation time series for the 20-year period as an intermediate result
[6]. Both datasets (weather data and hourly PV generation) have been made available by the authors of
the study. In Chapter[5.4] this data set is used to estimate the amount of electricity generated by PV for
each residential building in Hamburg.

4.5 Data Bundle eGo"

The research project eGo" aims to investigate the effects of sector coupling on the electrical grid and the
benefits of new flexibility options. As a part of the open-source and open-data principles followed in this
project, descriptions regarding the datasets used in the project have been made publicly available. Due
to the nature of required datasets, not every data set can be automatically downloaded from its sources.
For this reason, a section of the required datasets has been published under open data license [28]], [[120].
Among the published datasets, two in particular, namely: the household electricity load profile (Chapter
and the intra-day heat load profile (Chapter[5.2)), are used in this work.

4.6 District Heating Areas

As a part of the study carried out by BSW (Ministry of Urban Development and Housing - Behorde fiir
Stadtentwicklung und Wohnen) of the Free and Hanseatic City of Hamburg to examine whether and how
climate-neutral housing can be achieved in Hamburg by 2045, an assessment of the feasibility of district
heating based on linear heat density was conducted for each building block. The building blocks are
categorized as follows [[121[]-[[123]:

 Existing district heating area

* Potential area for district heating expansion
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* Potential area for decentralized heating network
* Decentralized heating supply

For the purpose of this work, the aforementioned data set has been made available by the author of
the study. It is utilized in Chapter to approximate the availability of district heating for residential
buildings in Hamburg.

4.7 Limitations and Considerations

In this section, a brief consideration of the limitations occurring due to the different datasets are shown.

4.7.1 Consistency of Datasets

As this thesis aims to study the interaction between differently energy sources, it is highly important that
the same data basis used for heat calculation (Chapter [5.2) is also used for electrical (Chapter [5.3)) and
PV (Chapter time series calculations. As both heat and electrical time series calculation is based
on ALKIS, it is unproblematic. PV on the other hand utilizes LoD2 (3D Lod2 City Model) (Chapter
K.3). Despite LoD2 of Hamburg being based on ALKIS, a difference regarding data availability can be
observed. Some building objects that are modeled in ALKIS are not modeled in the 3D city model.

Due to the above mentioned reasons, the principle of least common denominator is applied in this thesis
whenever necessary. Using this principle, only building objects that exist in both ALKIS and LoD2 are
considered. Building objects that exist in only one of the datasets are excluded. As aresult, 6110 building
objects (residential and non-residential), representing roughly 2% of the total number of buildings in
ALKIS, must be excluded.

4.7.2 Outdated Datasets

As mentioned above, the census data set of Germany was last updated in 2011. For the analysis of build-
ing objects (ALKIS and LoD?2), on the other hand, data sets from April 2023 are used. This discrepancy
in time may lead to inevitable errors, when these datasets are utilized together.

4.7.3 Accuracy of Datasets

As mentioned earlier in Chapter the geometry of roof surface in LoD2 is approximated based on
a aerial survey. This inherently leads to inaccuracies, which are in the range of approximately £1m.
Furthermore, due to the use of standardized roof types, deviations in roof shapes are also to be expected
for buildings with complex roof shapes [[119]. However, due to the lack of data available for comparison,
the error caused due to inaccuracy of the data set cannot be quantified in this work.
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5 Methodology

In this chapter, the methodology developed in this work is explained. This chapter begins with a general
description of the workflow implemented in this thesis. After that, each component of the workflow is
explained in greater detail. The chapter ends with description of the energy optimization model used in
this thesis.

5.1 Energy System Workflow

A simplified workflow of the methodology used in this thesis is given in Figure The dark orange
rectangles represents the input data required in this workflow. These data are either provided directly
from external sources or derived from a combination of various datasets. The blue rectangle refers to
intermediate results at the building level, while the gray rectangle indicates the final results at the MV
grid level

Figure 5.1: Overview of the methodology
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Within this thesis, the energy flow of a building is represented by its electricity (Chapter [5.3), heat
(Chapter[5.2)), and PV (Chapter [5.4)) time series. Depending on its location, the occurring heat demand
is met using either district heating (Chapter [5.7) or the building heating system (Chapter [5.5). The size
of the battery storage system (Chapter [5.5)) is determined based on the capacity of the PV installation.
These information then serve as inputs for a mathematical optimization model (Chapter[5.8)). Finally, the
results are aggregated based on the MV distribution grid (Chapter [5.6). Following [[124] and [125]], the
year 2011 is chosen as the representative weather year.

5.2 Heat Demand Model

This section describes the methodology used to create a heat demand profile for all residential buildings
in Hamburg. The method used is a combination of a top-down and bottom-up approach and is highly
influenced by the methodology presented in [[126]], [[127] and [[125]]. The combined methodology begins
with the calculation of reference area for residential buildings out of building objects from ALKIS and
IWU (Institut Wohnen und Umwelt) building archetype. Using the calculation method from TABULA,
the annual heat consumption can be calculated. This annual value is then further disaggregated into
hourly time series

5.2.1 Identification and Classification of Residential Living Area

The modeling of heat demand profile begins with the identification of residential buildings and their refer-
ence area. For this purpose, the methods used for the creation of heat cadastre Hamburg (Wdrmekataster
Hamburg), where individual buildings are assigned to a specific building archetype, are taken as refer-
ence [[127]], [[128]]. In this step, building objects out of ALKIS along with its relevant attributes are used
as baseline information.

Building Archetypes

As a part of TABULA, a European project aimed at creating a harmonized structure for European build-
ing typologies, a residential building typology for Germany was developed by IWU using a sample study
of residential building stocks in Germany. Three specific attributes, namely: construction year, construc-
tion type, and renovation level, are used to classify a building into a specific energetic archetype [128]],
[129]]. This typology is chosen considering the following facts:

* Recommended classification methodology given by the EU Energy Efficiency Directive EED [[130]
* Established and well known method in Germany [[126]), [[127], [131], [132]

An overview of the IWU archetypes used in this thesis is presented in Table [5.1] For each of these
archetypes, a specific yearly heat demand (space heating and domestic hot water) can be calculated
using a specific “reference building”. Additionally, IWU also provide a correction function to reduce the
discrepancy between “consumption” and “demand” [40].
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Table 5.1: Overview of IWU typology types [[128]]

Construction Year Construction epoch Construction Types

... 1859 A EFH - MFH - -
1860 ... 1918 B EFH RH MFH GMH HH
1919 ... 1948 C EFH RH MFH GMH -
1949 ... 1957 D EFH RH MFH GMH -
1958 ... 1968 E EFH RH MFH GMH HH
1969 ... 1978 F EFH RH MFH GMH HH
1979 ... 1983 G EFH RH MFH - -
1984 ... 1994 H EFH RH MFH - -
1995 ... 2001 I EFH RH MFH - -
2002 ... 2009 J EFH RH MFH - -
2010 ... 2015 K EFH RH MFH - -

2016 ... L EFH RH MFH - -

EFH = Single-family house

RH = Row-house

MFH = Multi-family building

GMH = Large multi-family building
HH = High-rise building

Another important attribute of the IWU typology is the renovation level. Due to the lack of the data avail-
ability regarding building’s renovation level within ALKIS, only renovation level of 0" or ’baseline” out
of the three available renovation levels of the IWU archetype is used in this thesis. It is important to note
that, within this context, the term “baseline” denotes the current predominant energetic state in which a
specific archetype is to be found. Nevertheless, relying on the assumption of baseline renovation level
may lead to an overestimation of the heat demand, considering that approximately 1% of the buildings
in Hamburg undergo energetic renovation each year [[123]].

Archetype Assignment

Ignoring renovation level, two distinct attributes are still required to assign each building object to a
particular energetic archetype. This section deals with the assignment of construction epoch and con-
struction type using the available ALKIS attributes.

Construction Epoch From Table it is shown that building construction year provides impor-
tant information to classify each buildings to its corresponding energetic archetypes. However, due to
the variability in data quality, using ALKIS as a data source for construction year comes with its own
challenges. A quick analysis of the data set reveals that roughly one third of the residential buildings in
Hamburg do not posses this information. To tackle this problem, the method described in [[127]], [[128] is
used.
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For buildings with missing construction year, new generic archetypes are generated for each of the con-
struction types. The annual heat demand of these generic archetypes is calculated using the mean value
of all heat demands for the particular construction type from all available construction epochs up to I. For
example, the specific annual heat demand of the new generic RH is equal to the arithmetic mean of RH-B
up to RH-I. Construction epoch I is used as cut-off due to the obligation to document the construction
year, which was introduced after the year 1998 [128]].

Construction Type Similar to the construction year, ALKIS also includes construction type as an
attribute of the building object. This attribute, called Bauweise, can be roughly translated to construction
type. However, the construction types defined in the IWU typology differ from the ones defined in
ALKIS. To systematically assign the different constructions types, assignment rules from [128]] is used.
This assignment rule makes use of a further ALKIS building attribute, namely: number of storeys above
ground. The overall assignment rule for every attribute combinations is shown in Table

Table 5.2: IWU - ALKIS construction type assignment rule. Adapted from [128]]

Epoch  Bauweise Bauweise Code Number of Storeys IWU Type
Freistehendes Einzelgebdude 1100 < 2, else re-
Doppelhaushidilfte 2100 garded as missing EFH
Reihenhaus 2200 Bauweise
Freistehender Gebdiudeblock 1200

A Haus in Reihe 2300
Gruppenhaus 2400 Any MFH
Gebdudeblock in 2500
geschlossener Bauweise

. . 1,2 EFH
Missing Bauweise - <2 MFH
Freistehendes Einzelgebiiude 1100 < 2, else re- EFH
Doppelhaushdilfte 2100 garded as missing RH
Reihenhaus 2200 Bauweise
Frelst?henc{er Gebdudeblock 1200 <4 MFH
Haus in Reihe 2300

B,C,D
Gruppenhaus 2400 S5 GMH
Gebdudeblock in 2500 -
geschlossener Bauweise

1,2 EFH
Missing Bauweise - 34 MFH
>5 GMH
Freistehendes Einzelgebiiude 1100 < 2, else re- EFH
Doppelhaushdilfte 2100 garded as missing RH
Reihenhaus 2200 Bauweise
Freistehender Gebdudeblock 1200 <5 MFH
E,F
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Haus in Reihe 2300

Gruppenhaus 2400 6,7,8 GMH
Gebdudeblock in 2500 > 8 HH
geschlossener Bauweise
1,2 EFH
. . - 34,5 MFH
Missing Bauweise 6.7.8 GMH
> 8 HH
Freistehendes Einzelgebiude 1100 < 2, else re- EFH
Doppelhaushdilfte 2100 garded as missing RH
Reihenhaus 2200 Bauweise
Freistehender Gebdudeblock 1200
GHL Haus in Reihe 2300
LKL Gruppenhaus 2400 any MFH
Gebdudeblock in 2500
geschlossener Bauweise
. . 1,2 EFH
Missing Bauweise - S 9 MFH
Freistehendes Einzelgebiiude 1100 < 2, else re- EFH
Doppelhaushdilfte 2100 garded as missing RH
Reihenhaus 2200 Bauweise
Freistehender Gebdudeblock 1200
<
Haus in Reihe 2300 <53 MFH
Missing  Gruppenhaus 2400 6,7,8 GMH
Gebdudeblock in 2500 > 8 HH
geschlossener Bauweise
1,2 EFH
. . - 34,5 MFH
Missing Bauweise 6.7.8 GMH
> 8 HH

Reference Area

After the assignment of ALKIS to IWU archetype, the reference area for the calculation of the building
specific annual heat demand needs to be determined. The calculation is based on building footprint area
and number of storeys. This calculation is then further refined using additional building attributes and
cadastral objects.

Building Use Within ALKIS, each of the building objects is assigned to one of the 232 possible build-
ing uses. However, due to the occurrence of mixed-use buildings in ALKIS, additional assumptions and
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simplifications are required to determine the share of residential area for these mixed-use buildings. For
this purpose, the assumptions regarding the share of residential area for each building use, as outlined in
[128]], are implemented. Table[5.3|provides an overview of all building uses and their share of residential
area. Building uses that are not shown in Table [5.3|are assumed to have zero residential area.

Table 5.3: Residential share assumption. Based on [[128]]

ALKIS Name ALKIS Code Share of Residential Area
Wohngebdude 1000 100%

Wohnhaus 1010 100%

Bauernhaus 1221 100%

Wohngebdude mit Handel und Di- 1120 100% - ground floor area
estleistungen

Wohn- und Geschdftsgebdude 1123 100% - ground floor area
Wohngebdude mit Gemeinbedarf 1110 50%

Wohn- und Verwaltungsgebdude 1121 50%

Wohn- un Biirogebdude 1122 50%

Wohngebdiude mit Gewerbe und Idus- 1130 50%

trie

Wohn- und Betriebsgebdude 1131 50%

Land- und  forstwirtschaftliches 1210 50%

Wohngebdude

Land- und forstwirtschaftliches Wohn- 1220 50%

und Betriebsgebdude

Wohn- und Wirtschaftsgebdude 1222 50%

Gemischt  genutztes Gebdude mit 1100 15%

Wohnen

Gebdude fiir Handel und Dienstleis- 2310 15%

tung mit Wohnen

Gebdude fiir Gewerbe und Industrie 2320 15%

mit Wohnen

Roof Type Another important aspect in the calculation of reference heating area is the consideration
of heated attics in residential buildings. Since there is no geometric information available in ALKIS
building objects, assumptions and simplifications using building roof type, as described in [128]], are
implemented. Table [5.4]provides an overview of roof types, where heated attic could appear.

Further rules are then implemented for these four different roof types. Both mansard roofs and half-hip
roof are assumed to always have heated attic. Gable/Saddle roof and hip roof are considered to have
heated attic when the building in question are assigned to one the following IWU archetypes: EFH-A,
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Table 5.4: Overview of roof types with possibility of heated attic [[116], [128]
ALKIS Code ALKIS Name Translated Name

3100 Satteldach Gable/Saddle Roof
3200 Walmdach Hip Roof
3300 Kriippelwalmdach Half-hip Roof
3400 Mansardendach Mansard Roof

EFH-B, EFH-C, EFH-D, EFH-E, RH-B, RH-C, RH-D, RH-E or MFH-A. In the case of a heated attic,
the heated floor area will then be increased by 75% of the building footprint area [/128]].

Building Parts Building parts are used within this work to account for building objects with “com-
plex” building shapes. Figure [5.2] illustrates an example of the connection between building and its
building parts. As shown in the figure, building parts can be used to describe parts of a building with
a significant difference in shape within the same building. Building parts typically have a number of
storeys separate from the main building. This additional information can then be utilized to either in-
crease or decrease the overall heating reference area [[116], [[128]].

Figure 5.2: Example of connection between building and building parts in ALKIS [116]

An overview of all building parts considered in this model is shown in Table[5.5] In contrast to the clear
number of storeys for lower and higher parts of the building, passageways are usually not assigned a
number of storeys. Therefore, as a simplification, passageways are assumed to have one storey in height.
This assumption is based on the directive on areas for the fire department (Richtlinie iiber Flichen fiir
die Feuerwehr), which specifies a minimum clearance height of 3.5m for passageways [133]].

Reference Area Calculation For the calculation of reference area for heating, it is important to
note, that there is no single uniform definition. Depending on the reference and available data set,
different calculation methods, such as volume-based calculation from DIN V 18599-1 [[134]] or area-
based calculation from VDI 3807-2 [[135]]) can be used. Within this work, area-based calculation using
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Table 5.5: Overview of building parts

ALKIS Code ALKIS Name Translated Name
1100 Geringergeschossiger Gebdudeteil Lower storey building part
1200 Hohergeschossiger Gebdudeteil Higher storey building part
2610 Durchfahrt im Gebdude Passageway through building
2620 Durchfahrt an iiberbauter Verkehrsstrafle  Passageway on built-over road

building footprint area and number of storeys, as described in [[128] is used. The following formula
and 3.2l illustrate how the reference area is calculated in this thesis.

Aper = a(s+ sq) 5.1
0.75 for building with heated attic 52)
Sq = .
¢ 0 for building without heated attic

Apes reference area for heat demand calculation
a building footprint area
S number of storeys
Sq, additional storey due to heated attic

In case of a building with building part(s), the total reference area is equal to the sum of all reference
areas from each of the components. Using figure[5.3|as an example, the overall reference area is equal to
the sum of A,.7 4 and A,.r .

Figure 5.3: Example building for reference area calculation. Based on [116]]
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5.2.2 Annual Heat Demand Calculation

This section deals with the conversion of IWU building typology to energetic values. The conversion
makes use of the TABULA reference method, which in turn uses the IWU typology and its subsequent

reference building [40], [41].

TABULA Calculation Method

The TABULA calculation method can be described as a modified approach to DIN 4108 with additional
consumption correction function [126]. The consumption correction is based on metered data, from
which a function is derived. This function is then used to transform the computed heat demand into an
estimate of the heat consumption. The use of a function rather than a simple factor is also beneficial as
the discrepancy between consumption and demand is not linear. The function is derived out of a sample

of 1702 buildings [40], and it is shown in Figure[5.4]
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Figure 5.4: Consumption correction function

Furthermore, the results of the calculated heat demand depend highly on the climate data set and its tem-
perature assumptions. For this thesis, heating limit temperature is set at 12°C with an indoor temperature
of 19°C. In the literature both 19°C and 20°C indoor temperature can be considered as standard values.
As within this work no differentiation can be made between heated and unheated spaces in a building,
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the use of 20°C indoor temperature may lead to disproportionately large heat demand. As a compromise
19°C is used instead. [[126]]. Furthermore, the use of a single temperature value for all building types
may lead to both under- and overestimation of the heat demand for different building types. Nevertheless,
these inaccuracies are accepted, as a more detailed calculation would require investigating each building
separately, which is beyond the scope of this work.

As this thesis only deals with residential buildings in Hamburg, the weather station Hamburg Fiihlsbiittel
is chosen. Using the above mentioned temperature assumptions, relevant long-term average (2003-2022)
of the relevant climate parameters are generated using degree days tool from IWU [136]. Table [5.6]
provides an overview of the used climate parameters. For every other required parameters, TABULA
standard values and standard values from IWU reference buildings are used. The resulting annual specific
heat consumption can be seen in Table

Table 5.6: Overview of climate parameters

Parameter Value Units

Heating Days 214 d
Average External Air Temperature 5.3

Indoor Temperature 19 °C
Heating Limit Temperature 12
Solar Gains Horizontal 375
Solar Gains East 274

Solar Gains South 428  kWh/m?xa

Solar Gains West 265
Solar Gains North 172

Table 5.7: Calculated specific heat consumption in kW h/m? x a

Construction Types

Contruction epoch EFH RU MFH  GMH HH

A 177.53 - 288.25 - -

B 173.44 19933 17947 142.78 -

C 15435 156.95 22335 17431 -

D 17431 191.52 200.27 171.06 -

E 171.69 110.76 147.82 151.10 124.11

F 145.46 139.73 155.65 130.38 125.67

G 113.38 139,34 13145 - -

H 12472 99.77 134.93 - -

I 98.18 74.63  90.30 - -

J 75.36  66.51 61.41 - -

K 91.07 7970  80.74 - -

L 7847  68.61  54.40 - -
Missing 148.12 139.00 172.39 153.93 124.89
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5.2.3 Generation of Hourly Heat Profile

Since TABULA calculation method only provides an annual characteristic value for the archetypes, fur-
ther steps are needed to disaggregate it into load profile with the desired resolution. This section covers
the steps taken to disaggregate the annual value into hourly value.

Daily Heat Value

The calculated annual profile is initially disaggregated into daily values using the SigLinDe function de-
scribed in [[137]]. This function is based on the standard load profiles for gas (utilizing the Sigmoid func-
tion) from TUM (Technical University of Munich - Technische Universitdt Miinchen) [[138]] and its further
development into SigLinDe by FfE (Research Center for Energy Economics e.V. - Forschungsstelle fiir
Energiewirtschaft e.V.) [139]]. Since both [[138]], [[139] deal with gas profiles, the assumption is made that
the heat profile is identical to the gas profile in its shape.

Both Sigmoid and SigLinDe utilize daily ambient mean temperature and building use specific coefficients
A,B,C,D to calculate a daily normalized profile value. This value can then be multiplied with annual
heat value and weekday factor to calculate its daily heat value [[137]. For residential buildings, [[138]]
concludes that no significant dependency exists between heat value and weekday factor, meaning that
the weekday factor can be ignored for residential buildings. Similar results can also be found in English
Homes [[140]. Equation [5.3]shows the mathematical formulation of the Sigmoid function.

A
h(0. type) = e+ Diape (53)
1+ type
eamb —40
h(0, type) daily normalized profile value
O,mb ambient temperature

Atypes Biype> Crypes Diype  building use specific coefficient

The Sigmoid function exhibits noticeable deviations in practice, especially for very cold ambient tem-
peratures when compared to measured values. This discrepancy serves as motivation for the further
development of the function by FfE. SigLinDe consists of a combination of Sigmoid function and two
linear components, namely: heating line (Heizgeraden) and hot water line (Warmwassergerade). Both
heating and hot water lines are described using a gradient and offset. The Sigmoid coefficients A,B,C,D
are further used and in part modified [[139]. The SigLinDe profile is then calculated according to equation

54

Atype

h(07 type) - Bt e Ciype
1 4 ( yp )
Oamp — 40

54

0 b
+Dtype—|—max<mH amb + H>

mw Oamp + b
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h(6, type) daily normalized profile value

O,mb ambient temperature

Atyper Biype, Ciyper Diype  building use specific coefficient
myy heating line gradient

by heating line offset

my hot water line gradient

bw hot water line offset

Figure [5.5] visualizes both Sigmoid and SigLinDe profiles for different ambient temperatures. As men-
tioned above, the difference lies mainly on the tail ends of the function. For residential buildings, both
Sigmoid and SigLinDe are only differentiated between EFH and MFH.

Figure 5.5: Comparison between Sigmoid and SigLinDe profile [|139]

Intra Day Profiles

To further increase the temporal resolution of the building heat model, the generated daily profile needs
to be further disaggregated into an hourly profile. In this work, the method described in [[125]], [141]] and
used in ego" project [27]] is implemented to generate a pool of intra day profiles.

For this method, a synthetic hourly heat demand profile, which has been generated using a closed source
load profile generator developed in [[142], is utilized. The load profile generator has the capability to
generate load profiles of electricity, space heating, and domestic hot water for individual households
[125], [142]. As part of the data bundle for ego™ project (chapter[4.5)), a set containing 1259 heat demand
profiles for EFH and MFH has been published under an open data license. [[120]. Using these heat
demand profiles, a pool of intra day profiles is generated [125]], [[141].

The intra day profile pool comprises of 24-hour profiles, with each profile representing specific tempera-
ture classes and building type [[141]. In this context, temperature class refers to the temperature range, in
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which the average daily temperature lies. For this purpose, the temperature classification approach used
in [[143] is applied. Table[5.§] provides an overview of the temperature classification.

From 1259 heat demand profiles, roughly 460,000 intra-day profiles can be generated and classified per
temperature class and building type. The accumulated individual intra-day profile is then normalized to
its sum [[125], [[141]].

Table 5.8: Temperature classification [|143|]

Temperature Class Temperature Range

-20°C to -15°C
-14°C to -10°C
-9°Cto -5°C
-4°C to -0°C
1°Cto 5°C
6°C to 10°C
11°Cto 15°C
16°C to 20°C
21°Cto 25°C
26°C to 40°C

O 0 3N DN AW~

—_
=)

5.2.4 Heat Profile Calculation

To use SigLinDe profile and intra day profile pool, each residential building has to be classified as either
EFH or MFH. The IWU archetypes, on the other hand, differentiate between five possible construction
types. To address this discrepancy, the following assumption is made: building type EFH is further used
for RH, while MFH is further used for both GMH and HH.

For the disaggregation of the annual heat value, ambient temperature data set from solar potential study
Hamburg (Chapter is used. Using the temperature data set, the daily average ambient temperature
and its temperature class is calculated. The average temperature is subsequently used to compute the
ratio of the demand on a given day to the annual demand.

One intra day profile is then selected from the profile pool for each temperature class, with each profile
corresponding to the particular building type. This is done using the assumption that the heating pattern
within a particular temperature class does not vary.

The hourly heat profile per building can then be calculated for each day using the combination of specific
annual heat value from TABULA, daily heat ratio from the SigLinDe function, temperature class specific
intra day profile and building reference area.
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5.3 Electrical Demand Model

This section describes the methodology used to create electrical load profile for all residential buildings
in Hamburg, which uses [[125]] as an inspiration. This methodology utilizes census data set together
with ALKIS to generate characteristic load profiles that are specific to each city district. The calculated
reference area from [5.2.1]is then used together with the characteristic load profiles and a scaling factor
to calculate the building specific electrical load profile.

5.3.1 Generation of Base Load Profiles

In Germany, grid planing and modeling of electrical demands have traditionally relied on SLP (Standard
Load Profiles). However, SLPs for electricity are currently based on measurements in the 1980s, which
may differ from the current load profile. Another issue with SLPs are the inherent lack of variance for
each of the modeled load profiles, raising concerns about the statistical validity of the load profiles. For
residential purposes, currently only one profile exists [[125]], [[144]-[148].

For this work, instead of the aforementioned SLP, load profiles generated using a statistical bottom-up
approach developed in [37] are used. The statistical model considers different household types, their
behavior, and their appliances, with appliances and their load profiles being selected in an arbitrary
manner. In total, 12 household types are available for selection (Table [5.9). These household types are
based on household compositions defined in Eurostat [37], [[149].

Table 5.9: Household types considered in [37]]

Household Type Inhabitants Type ID
Retiree SR

Single Adults without children SO
Adults with children SK

Retiree PR

Adults without children PO

Couple Adults with one child P1
Adults with two children P2

Adults with three or more children P3

Retiree OR

Others Adults without children o0
Adults with one child 01

Adults with two or more children O2

Sets of 2511 and approximately 100,000 different profiles have been published under open data license
as a part of data bundle for ego" project (Chapter [120]]. To reduce computational time, this thesis
utilizes the set of 2511 profiles rather than the 100,000 generated profiles.
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5.3.2 Census Data Preparation

As mentioned earlier, the generated profiles are classified based on household and inhabitant types. To
use the generated profile, household information with the highest spatial resolution possible is needed.
For this purpose, census data from 2011 German census is used (Chapter d.1] The census data set is well
known and is regularly used in numerous projects [27], [150], [151]]

The preparation of census data in this work is based on [[125]]. In this work, two different types of census
data set are used. The first census data set contains details about the amount of individuals residing in
households, categorized by household type, household size, and age within each NUTS 1-region. The
second data set contains information on households by family type or household size on cell level (100m
x 100m). To generate household information with additional detail regarding its inhabitants on cell level,
both census datasets are merged [[125]]. Due to different definitions of household types between Eurostat
and the census, it is necessary to process and reorganize the census data set to ensure compatibility with
the demand profiles [[149], [152].

Census Data Preparation on NUTS-1 Level

Census data on the NUTS-1 level classifies households into five types: singles (S*), couple without
children (P*), couple with children (P+), single parent (S+), and multi-person household without a core
family (M*). Given that the Census data on the NUTS-1 level lacks sufficient details to differentiate
M* based on the number of children present in the household, this cluster is represented by only adults
and retirees. Using information regarding household size, 10 distinct categories can be derived from the
aforementioned household types [[125]]. The newly created categories are selected in such a way that they
are comparable to household types of the above-mentioned load profiles (Table[5.9). Table[5.10|provides
an overview of the categories.

Table 5.10: Census household categories (NUTS-1) [[125]]

Household Type Household Category ID
g Single retiree SR
Single adults SO

S+ Single with children SK
p Retiree couple PR
Adult couple PO

Couple with 1 child P1

P+ Couple with 2 children P2
Couple with 3 or more children P3

M Multi-household retiree OR
Multi-household adult o*

As the load profiles generated by [37] is based on household classification from [149], children (age
<15) need to be excluded from the calculation. In this work, retirees are assumed to be at least 65 years
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old. The number of people living in the 10 distinct categories can then be derived. As the obtained
values represent the amount of inhabitants living in each categories, further steps are required to derive
the number of households.

By dividing the number of inhabitants with the average amount of people living in each category, the
amount of households can be calculated. For single and couples, the calculation is trivial due to the
exclusion of children. For multi-households, the assumption made in [[125] is used. Using census values
on cell level, the weighted average number of people not residing in single or couple households is
calculated for the corresponding NUTS-1 area. This value is then used as an approximation to calculate
the number of households for category OR and O* (Table[5.10).

Census Data Preparation on Cell Level

At the cell level, census data contains household information with a high spatial resolution. However, in
this spatial resolution data gaps and discrepancy exist due to confidentiality reasons [[125]], [153]], [[154]].
Cells with unacceptable deviation due to confidentiality reasons are excluded from further steps. Figure
[5.6shows exemplary census cells for selected regions of Hamburg.

Figure 5.6: Census cells for selected region of Hamburg

Among the populated cells, a significant portion contains incomplete household information. These cells
can be split into two categories, namely: cells with the total number of households but no household
type (case number 1) and cells without both the total number of households and household types (case
number 2). Cells falling into case number 2 (1750 cells, representing roughly 7% of cells containing
complete information) are excluded from further calculation.

For cells falling into the first case (1353 cells, representing roughly 5% of cells containing complete
information), these cells are first enriched with information of its corresponding city district from ALKIS.
Using “complete” cells from the same city district, the average distribution of household types for cells
with the same total amount of household is calculated. If no matching cells are found within the city
district, "complete” cells from the NUTS-1 area are utilized instead. The average share is then multiplied
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by the total number of households and rounded up to the nearest integer. Any deviation in the sum
of household types from the rounded sum is adjusted by adding or subtracting the difference from a
randomly selected household type to maintain the total number of households per cell.

Census and ALKIS

For the calculation of the city district specific characteristic load profiles, the total living space for each
census cells needs to be calculated using ALKIS building objects. For this purpose, it is imperative to
understand how census cells and ALKIS building objects are related to each other. [[126] points out
that census uses building entrances rather than individual building for its data collection. Within ALKIS
building entrances are represented by an object called georeferenced addresses [|116]].

Figure shows exemplary the relation between census cell and ALKIS. According to census, the cell
on bottom right has 12 ”buildings”. According to ALKIS the aforementioned cell contains only three
buildings. This clearly indicates that census uses individual addresses as the basis for its data collection.
This also means that a census cell is populated when an address point (or by proxy a building) can be
located.

Figure 5.7: Example of relation between ALKIS building and census cells [[126]]. Black rectangles rep-
resent ALKIS building. Yellow squares represent census cells. Red dots represent ALKIS
georeferenced address points.
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To ensure continuity between all datasets used in this thesis, further considerations are needed for the
“prepared” census cells. Using the principle of least common denominator between ALKIS and LoD2,
the amount of ”valid” building objects considered in this thesis is reduced. This, in turn, affects which
census cells are to be considered in this thesis. To accommodate these restrictions, only census cells with
a georeferenced address point, where the corresponding building(s) exist in both ALKIS and LoD2, are
considered in further steps.

Refinement of Census Cells

As opposed to the census data set on NUTS-1, census cells only differentiate between five household
types. The usage of load profiles from [5.3.Thowever requires further refinement of these information. In
this work, census cells are refined using proportionate allocation as described in [125].

For every single household within a census cell, a household category is selected at random. The selection
is weighted using the distribution of household categories within a household type in NUTS-1. Figure
[5.8] exemplifies how proportionate allocation is implemented. Using the distribution in NUTS-1 (60%
SR and 40% SO), single households in census cells are refined. As the selection for each household is
done randomly, different cells with an equal amount of household types may receive different amount of
household categories. Nevertheless, the total sum of each household category in every cell will mirror
the distribution observed at the NUTS-1 level.

Figure 5.8: Exemplary refinement of census cells using proportionate allocation. Adapted from [|125]].

5.3.3 Base Load Profiles Allocation

Before the allocation of load profiles, the discrepancy between household types in Table [5.9)and house-
hold categories in Table concerning multi-household (M*), needs to be addressed. As no differen-
tiation regarding amount of children in O* category (Table[5.10) can be made, household types OO0, O1
and O2 (Table [5.9) are therefore aggregated into a single new household type as a simplification. This
means that for category O*, load profiles of type O0, O1, and O2 are available for selection. For the
allocation, profiles are sampled in random in a way, that no single variation of a profile occurs more than
once within a single cell. This variation can nevertheless still be utilized in other cells.
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5.3.4 Reference Area Allocation

To generate city district specific electrical load profile, it is required to calculate how much living area
exists within a census cell. Regarding living area, the methodology described in Chapter [5.2.1]is once
again utilized. From Chapter [5.3.2] however, it is known that the census methodology utilizes building
address point for data collection as opposed to individual buildings. Out of this, the possibility arises
that an individual building is connected to multiple census cells due to multiple address points within the
building in question.

An example of the aforementioned problem can be seen in figure In this figure, five address points
are assigned to the building on the top side. The building in question intersects with four different census
cells, while the address points are located in two different census cells. As a result, a key question
emerges regarding the allocation of shares of building living area towards census cells.

[126]] addressed this issue by aggregating census cells so that the address points of a building object
consistently fall within the same aggregated census cells. However, since the objective of this proposed
method is to allocate building information, such as ownership, from census cells to building objects, it
is not considered aligned with the goals of this chapter. This method does not provide clarity for the
allocation of living area to census cells. Furthermore, the creation of aggregated cells could complicate
the task of assigning census cells to city districts, as aggregated cells may cover multiple city districts.
In this case, disaggregation would once again be required.

This thesis addresses this problem by assuming that every address point of a building holds an equal
proportion of living space. Using example from Figure 20% of the living area of the uppermost
building is then assigned to one census cell, while the remaining portion is allocated to another cell.
As the aim of this step is to generate a city district specific electrical load profile, the mistake due
to inaccurate allocation of shares into address points is asummed to be negligible. It is also assumed
that this error is less significant compared to the mistake resulting from a substantial difference in the
publication dates (ALKIS being from 2023, while the census data is from 2011).

5.3.5 Census Cells and City Districts

For the placement of census cells into city districts, the city district data set from ALKIS Stadtteile is
used. For most of the census cells, this process is trivial as the cell in question lies completely within the
border of the city district. For cells at the edge of the border, however, further considerations are needed.
In this thesis, the allocation of city district is done using the center point of the cell. Figure [5.9) shows
exemplary the implementation of this assumption. Each of the census cells are allocated into a particular
city district depending on the location of the center point.
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Figure 5.9: Exemplary placement of city district and census cells. Orange area represents city district.
Yellow squares represent census cells. Red dots represent center point of the cell.

5.3.6 Characteristic Load Profiles per City District

For the calculation of characteristic load profiles per city district, remaining census cells are aggregated
depending on their city district. For each city district, the sum of all base load profiles assigned to census
cells within the district is then divided by the sum of all residential living areas (Chapter[5.2.1).

In Figure [5.10] the calculated city district load profiles for Lokstedt and Neuengamme are compared
to dynamic household SLP [[155]. The load profiles exhibit a general trend of peaks in certain hours
during the day and a lower overall peak in summer times. Compared to the SLP, the presented method
shows steeper gradients, higher peaks, and smaller base loads. These differences are further discussed in
Chapter [6.5] Nonetheless, the general pattern of the city district load profiles is comparable to the SLP.
As the goal of city district load profiles is to introduce variability to different districts, this method is
assumed to be suitable.
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Figure 5.10: Comparison between VDEW dynamic household load profile || and city district load
profile for Lokstedt and Neuengamme. All profiles are normalized to 1 MWh

5.3.7 Building and City District

As mentioned in Chapter [5.3.2] and illustrated in Figure multiple address points can be assigned to
a single building object. As a result, it is possible for a single building to be assigned to multiple city
district due to its address points. Figure[5.IT] provides an example of this case. This issue is addressed in
this thesis using the assumption that a building object can only be assigned to a single city district. The
assignment of city district is done using the highest intersection area with building footprint area.

On the other hand, it is also possible for a building object to not be assigned any address points, which
refers to buildings that are neither a main building nor a secondary building. For these buildings, centroid
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Figure 5.11: Example of relation between ALKIS building and city districts. Black rectangles represent
ALKIS building. Red dots represent ALKIS georeferenced address points. Teal area repre-
sents city districts

of the building footprint area is used for the allocation of city districts.

Since the districts of Waltershof and Altenwerder predominantly comprise of port and industrial areas,
buildings located within these districts are excluded from further consideration.

5.3.8 City District Scaling Factor

As aresult of the census data set available at the time of writing this work, the generated city district load
profiles are based on household information from the year 2011. As more than a decade has passed since
the census data set was published, it is reasonable to assume that the structure of households in Hamburg
has changed [156]], [[157]. To better model the current electrical demand, scaling factors specific to each
city district are introduced.

To begin, the annual electrical demand per city district is calculated using the total living area within
the district and its characteristic load profile. The resulting annual demand is then multiplied by the
aforementioned factor to meet the assumed annual demand of that year. The assumed annual demand
is calculated using a combination of statistics of household structures in Hamburg from year 2022 and
average electricity demand per household by household size (without electrical heating) from year 2021

(Figure |5. 12)[[157]], [[158].

The statistics of household structures in Hamburg provide, for each city district, the total amount of
households, the average household size, the amount of one person households, and the percentage share
of household sizes. The statistics differentiate between one, two, three, and four or more persons in a
household. As the amount of single households are given, the percentage share is combined with the
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Figure 5.12: Average electricity demand per household by household size (without electrical heating)
2021 [158]

remaining amount of households to approximate the amount of the remaining household types. These
values are then rounded to the nearest integer. In cases where the sum of the approximated values deviates
from the set value, the difference is adjusted by addition or subtraction from randomly selected types.
The random selection is weighted using the average share of each type.

Since the statistics does not differentiate further between four or more person per household, the average
amount of inhabitants of this household type needs to approximated. For this approximation, the total
amount of inhabitants in the city district is required. This can be estimated using the average household
size and the total amount of households. It is important to note that the statistics are generated using
standardized household generation process HHGen and only present a realistic description of households
in Hamburg [157].

This uncertainty can also be seen in the approximated household size for households with four or more
inhabitants, with some districts receiving values smaller than four. As the correctness of the statistics is
out of the scope of this work, these values are accepted. To accommodate these values, adjustments to
average electrical demand values from Figure are required. The necessary annual values are then
created using linear interpolation.

Furthermore, the districts of Waltershof and Finkenwerder, Neuland and Gut Moor, Altenwerder and
Moorburg, as well as Kleiner Grasbrook and Steinwerder are each considered together in the statistics
[[L57]).

5.3.9 Building Specific Electrical Load Profile

The calculation of building specific electrical load profile is done using the reference area from Chapter
[5.2.1] the specific load profile from Chapter[5.3.6|and the scaling factor from Chapter|5.3.8]
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5.4 Photovoltaic Generation Model

This section describes the methodology used to generate time series data for rooftop PV systems in
every building in Hamburg. The approach utilized in this study builds upon methodologies and findings
from solar potential study Hamburg [6]. This section begins with the calculation of roof areas for all
”valid” residential buildings in Hamburg. Subsequently, roofs are categorized based on their relevant
characteristics. These characteristics are then employed to assess the feasibility of PV on the roofs.
Results from [6] are then utilized to calculate the PV generation profile for each suitable roof. The
calculated profiles are then aggregated to generate pv generation profile for each building.

5.4.1 Building Roof Surfaces

As mentioned before in previous sections, some residential building objects are excluded to ensure con-
tinuity between the models used in this work. This refers to exclusions due to mismatch of ALKIS
and LoD2 (Chapter 4.7), no residential living area (Chapter [5.2.1)), and city districts of Waltershof and
Altenwerder (Chapter[5.3.7).

For every “valid” residential building, LoD2 data set is used as an approximation of the actual shape of
each roof. Within LoD2, each roof is modeled separately, which means that a single building can have
multiple roofs assigned to it. Each of the roofs can also have different roof types. Figure shows an
example of different roof configurations. This figure also shows that the edges and vertices of each roof
are clearly defined.

Figure 5.13: Examples of LoD2 building model

Using the vertices, the resulting area for each individual roof can be calculated. These vertices can, on
top of that, be used to find the normal vector of the plane, which is an integral characteristic for the
utilization of PV on roof surfaces. From the normal vector, two crucial parameters can be calculated,
namely: tilt angle and surface azimuth. Due to the precision of LoD2 model, there are instances where
the vertices result in a non-planar plane. Figure provides an example of a non-planar surface. The
nonplanarity of the surface can be directly noticed, as the plane can be seen as two triangles with different
normal vectors.

To address non-planar surfaces, this work introduces an original method for generating a planar repre-
sentation using the vertices, centroid, and normal vector of the original surface. This method builds upon
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Figure 5.14: Example of non planar roof surface. Circle represents centroid.

a small subset of helper algorithms developed within the framework of the ’Large-scale 3D Geospatial
Data for Urban Analytics” project [[159]]. First, a representative normal vector for the plane is calculated.
Using the centroid and the approximated normal vector, a ’secondary” plane is generated. Following
these steps, the original vertices are projected onto the secondary plane. The resulting plane out of the
projected vertices is then used to calculate tilt angle, surface azimuth and surface area. Figure shows
the result of this simplification.

Figure 5.15: Simplified non planar roof surface. Circle represents centroid.

5.4.2 Classification of Roof Surfaces

As this thesis aims to utilize results from the solar potential study Hamburg, adjustments to tilt angle and
surface azimuth are needed. Within the solar potential study, solar outputs are calculated for different
combinations of tilt angle and azimuth. For tilt angle steps of five degrees are used while steps of ten
degrees are used for surface azimuth [|6]. To accommodate this, both tilt angle and surface azimuth are
rounded to the nearest step.
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5.4.3 Suitability of Roof Surfaces

To find roof areas that are suitable for PV utilization, a plethora of constraints has to be accounted
for. These can for example be regulatory requirements, but also economic efficiency considerations,
sociocultural or ecological factors [6]. Since the amendment of Hamburg’s climate protection law (Ham-
burgischen Klimaschutzgesetz (HmbKIiSchG)), one of the most important regulations that directly affect
Hamburg residents are the obligation to install PV systems on Hamburg’s roofs (PV-Pflicht) [[160].

Using this regulation and assumptions made in solar potential study Hamburg for realizable potentials,
suitable roofs are approximated. As this thesis does not carry out detailed examination of each buildings,
constraints that require individual examination of the buildings, such as costs of the system, period of
use, and building statics, are not considered. In the following, each of the constraints used in this thesis
are explained.

Minimum Roof Areas

As system cost depends highly on the individual situation of the buildings, this constraint cannot be
applied in general manner for all building objects. To approximate the economic feasibility of PV instal-
lation, available roof areas are used as a proxy.

The first restriction is the gross roof area available for each building. Buildings with gross roof area
smaller than 50 m? are exempt from the solar obligation and are assumed to have no PV system [161].
For every other building, the suitability of every continuous section of the roof is examined. It is then
differentiated between flat roofs (tilt angle equals zero) and tilted roofs. Flat roofs with a surface area
smaller than 20 m? and tilted roofs with a surface area smaller than 10 m? are also excluded [161]].

Minimum Irradiation Level

Another constraint that influences the economic viability of PV installation is the expected yield of the
system. In the solar obligation, it is considered economically unjustifiable for buildings with gross floor
area of up to 150 m? if the annual solar irradiation is more than 30% lower than the maximum annual
solar irradiation on an optimally aligned and unshaded PV system [161].

In solar potential study Hamburg, this constraint is approximated using the comparison between long
term average annual solar yield. Rather than only applying it only to building up to 150 m? gross floor
area, the annual yield constraint is used for every roof surfaces. Additionally, the minimal annual yield
is set to 80% of the optimal configuration, providing a buffer compared to the legal requirement [6].

Figure [5.16]shows the long term average annual PV solar yield depending on the tilt angle and azimuth.
The percentage range for Hamburg spans from 24% (90° tilt angle at 10° azimuth) to 100% (40° tilt
angle at 200° azimuth). From this figure, it an be clearly seen that flat roofs in Hamburg receive enough
irradiation, while no general statement can be said for tilted roofs.
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Figure 5.16: Ratio of Long term average annual PV solar yield to the maximum solar yield in Hamburg
[6]. 0° Azimuth represents north.

5.4.4 Roof Utilization Factor

Roof surfaces can be covered with different proportions of PV modules. To model these proportions,
the roof utilization factor is taken into account. The extent to which roof surfaces can be utilized for
PV modules varies significantly for each building depending on the tilt angle, orientation and the type
of surface. In this thesis the simplification used in the solar potential study Hamburg is applied. For flat
roofs, a utilization factor of 80% is implemented, while 60 % is set for tilted roofs [6].

5.4.5 PV Module Assumption

As previously mentioned, the orientation and tilt angle of a PV system play a huge role in terms of energy
yield. With roof-parallel installation on tilted roofs, the inclination and alignment of the PV modules are
fixed by the roof. For flat roofs, on the other hand, the inclination and orientation of the PV modules
can optimized to maximize yield or achieve the desired daily or seasonal distribution. In this thesis, PV
modules on flat roofs are modeled with 15° inclination and an east/west orientation. PV modules in this
configuration provide more electrical energy at times when there is an increased demand for electrical
energy (mornings and evenings) [6].

Due to the high variability of roof dimensions, simplifications are needed to determine the amount of
installed PV power for each roof surface. In this thesis, a power density of 200 % is used to quantify the
PV potential [6]. Using this simplification, individual examination of the roof surface can be omitted.
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5.4.6 Performance Ratio

To realistically model PV generation, losses that occurs in the system, such as shading and electrical
losses (for example due to inverter) have to be taken into account. Due to the nature of these losses, a
detailed consideration of the losses would require individual examination of not only the PV system but
also the site-specific weather situation (such as cloud cover). As these type of analysis are outside of the
scope of this work, the consideration of PV losses in this thesis is simplified using performance ratio.
For all PV systems a performance ratio of 80% is assumed. This assumption is in line with the value
used in [6] and reported in [[162]. This performance ratio is then applied for each time step.

5.4.7 Building Specific PV Generation Profile

For each building, the PV generation profile can now be calculated using the steps described in the pre-
vious sections. Using the vertices from LoD2, the relevant parameters for PV utilization can be derived
for each roof surface (Chapters[5.4.1]-[5.4.2). Depending on the derived characteristics, assumptions are
made regarding the feasibility (Chapters - and configuration (5.4.5)) of the PV system. Using
PV generation profile generated as a part of solar potential study Hamburg and assumptions regarding
performance ratio (Chapter [5.4.6), the generation profile of each roof surface and subsequently of each
building can be calculated [6].

5.5 Building Energy Model

The section aims to answer the question of how the energy demand and supply for both heat and elec-
tricity are matched on a building level. This section begins with the description of the building energy
system modeled in this thesis. For every component used in the model of the building energy system, the
methodology used for sizing and its corresponding assumptions are provided.

5.5.1 Overview of the Building Energy System

In recent years, the role of buildings in maintaining the stability of a the electrical grid has been ever in-
creasing. Traditionally, buildings were assumed to have a passive role in the day-to-day operation of the
electric grid. Due to factors such as the wide-spread implementation of renewable-energy-source, includ-
ing electric storage, the role of buildings for the stability of the electrical grid has changed significantly
[163], [164]

In this thesis, the following assumptions are made to model the electrical energy system of a building:
* Every building is connected to the electrical grid
* Buildings with PV installed are assumed to have a battery storage system

* Battery can be charged using both the electrical grid and PV
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The assumptions regarding heating system of a building is differentiated depending on the availability of
district heating for the particular building. In the case of district heating, the assumption is made that the
heat demand of the building can be fully provided by district heating at all times. For buildings without
connection to district heating, the following assumptions are made:

* Every building has one thermal energy storage system
* Heat is provided using the combination of an air sourced heat pump and an electrical heater
* Thermal energy storage can be charged using both the heat pump and the electrical heater

Figure shows a simplified representation of the model used for the building energy system.

Figure 5.17: Building energy system. Adapted from [165]

5.5.2 Battery Storage System

Determining the size of the battery storage is a critical aspect in designing a PV system. From a life
cycle cost perspective, the costs of battery storage often significantly impacts the economic feasibility
of such a system [166], [167]]. In the literature, the battery is often sized using a ratio between installed
PV power in kW and battery capacity in kWh [168]]. As costs of battery storage systems have evolved
rapidly over the past several years, these price developments need to be considered in the approximation
of the battery size [169]. In this thesis, the size of a battery is approximated using a ratio of 1.5 %.
This ratio has been calculated using methods described in [[170] considering future economic projections

and a degree of self sufficiency of 0.5.

Despite the recent improvements in battery storage systems, it is important not to overlook the losses that
occur within a battery storage system. Figure provides an overview of the energy conversion paths
for the battery in this thesis. For each of the paths, a constant efficiency value out of [[171]] is assumed.
Furthermore, a daily self discharge rate of 0.17% is used in this thesis [57]. Table provides an
overview of the battery losses used in this thesis.
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Figure 5.18: Energy conversion paths for battery storage. Adapted from [[171]]

Table 5.11: Assumptions regarding battery losses [S7]], [171]

Loss Type Value Source
PV2BAT 95.8% [171]
PV2AC 96.2% [[171]
BAT2AC 95.5% [171]
AC2BAT 95.3% [[171]

Daily self discharge 0.17%  [57]

5.5.3 Heating System Sizing

As shown in Figure within this thesis, the combination of heat pump, electrical heater and thermal
energy storage is used to model the heat supply for buildings with no connection to district heating. This
assumption is influenced by the newly approved Building Energy Act (Gebdudeenergiegesetz - GEG),
where every newly installed heating system is required to be powered by at least 65% renewable energy
[L72]].
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Similar to the sizing of the battery storage system, the heating system also needs to be sized accordingly
to ensure cost-effective operation. In the literature, this step is typically done using a mathematical
optimization [[I73]-[175]]. As this thesis does not aim to find the best sizing method for heat pump
systems, optimizing the size of the heating system on building level is deemed to be outside of the scope
of this thesis. As a simplification, the SIZEP (Sizing Evaluation Step) described in [[176] to estimate the
capacity and power of a thermal energy storage is used instead.

SIZEP relies solely on time-series data (historical heat load) to approximate the capacity of thermal
energy storage independently of the heat source. For this approximation, three descriptive parameters
are derived out of the time-series, namely: RHV (relative hourly variation), RDV (relative daily varia-
tion), and DAHV (daily accumulated heat volume). This method is originally developed to be used in
combination with CHP plants [[176]]. The equations used to calculate these parameters are given below

Ly—L
RHV = |"Ld| - 100 (5.5)
L - 24 ‘
24
DAHV =05-) |Ly — Lyl (5.7)
t=1

L, annual average heat load
L;,  hourly average heat load
L, daily average heat load

t discrete time period

Using the first parameter RHV, the variation of the heat load in each hour of the year can be characterized
to provide an approximation of the power required for thermal energy storage to eliminate the hourly
load variation in a day. To take outliers into consideration, the value of the 99th percentile, instead of the
highest RHV value, is utilized [[176]. This value is then multiplied with the annual average heat load to
determine the heating load of the heat pump. This calculation is based on the assumption that the thermal
power of the thermal energy storage is equal to the heating load of the heat pump.

The second parameter, RDV, provides an approximation of the minimum capacity of the thermal energy
storage system to eliminate heat load variations in the system. On the other hand, DAHV quantifies the
necessary thermal storage capacity to ensure the continuous operation of the CHP plant throughout the
entire year. While both RDV and DAHYV provides an approximation for the capacity of thermal energy
storage system, the value calculated using DAHV considers only the thermal load over 24 consecutive
hours [[176]. In this thesis, the capacity of thermal storage is approximated using DAHV rather than RDV
to ensure a higher degree of reliability. Similar to RHV, the value of the 99th percentile is used instead
of its highest value to consider outliers.

Similar to battery storage system, the consideration of losses that occur within the thermal storage system
is simplified using a number of constant values. This simplification is used as a detailed calculation of
the losses requires further information, such as temperature of the storage medium, insulation materials
and shape of the storage [[177]], [178]]. Such an analysis would then require a detailed examination, which

52



is outside of the scope of this work. Table [5.12] provides an overview of the losses considered in this
thesis.

Table 5.12: Thermal storage losses [|57]]

Loss Type Value

Charge efficiency 90%
Discharge efficiency 90%
Daily self discharge 0.5%

Within this work, heat pumps are modeled using a coefficient of performance (COP) that varies with the
temperature, as the COP of a heat pump depends highly on the temperature of its heat source. To model
this temperature dependency, the formula provided in [[179] for air sourced heat pumps is used in this
thesis. As this thesis only considers air sourced heat pumps, ambient temperature data set from solar
potential study Hamburg is used as the heat source temperature. The sink temperature in this study is
assumed to be 50°C [[180].

COP = 6.81 — 0.121 - (Tuink — Tsource) + 0.00063 - (Tsink — Tsource)* (5.8)

Teink sink temperature
Tsource SOUrce temperature

In the context of this thesis, an electrical heaters is used as an additional heat source and assumed to
operate with 100% efficiency. As the primary purpose of this electrical heater is to provide heating
support, its size is not fixed to a specific value

5.6 Medium-Voltage Grid

As mentioned in previous chapters, the goal of this thesis to analyze the impact of residential heat pumps
and PV on the electrical distribution grid in Hamburg. To fulfill this goal, georeferenced grid datasets are
required. Generally these datasets are not publicly available, as DSOs (distribution system operators) are
not required to publish infrastructure data [[181]], [182]]. Two reasons are often cited to justify the lack of
data availability, the security aspect [181]], [183]] and the economic aspect [[181]], [184].

In the literature, efforts have been made to produce synthetic MV grids in Germany using open data [[182]],
[185]. Due to the scope of the project (whole Germany), the accuracy of the results is often lacking to
correctly model a particular region (in this case, Hamburg). Figure [5.19] depicts the aforementioned
problem.

In this thesis, the MV grid for Hamburg is approximated on the basis of SVG (scalable vector graph-
ics) graphic provided by Stromnetz-Hamburg. As this graphic is no longer publicly available, archived
version from June 2022 is used (Figure[5.20) [187].
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Figure 5.19: Comparison between MV grids of Hamburg [185]], [[186]]. A represents synthetic MV grid
from [[185]]. B represents transformer station areas on medium-voltage level in Hamburg
[186]]

Figure 5.20: MV grid of Hamburg [187]]

Due to the characteristics of SVG graphics, a georeferencing process is required before this graphic can
be used. For this purpose open source GIS (Geographical Information System) software QGIS is used.
As SVG is not compatible with QGIS, this graphic is first converted to a CAD (computer aided design)
drawing using AutoCAD. Using georeferenced administrative borders from ALKIS as control points,
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this graphic is then georeferenced with the help of QGIS. The resulting georeferenced MV grid is shown
in Figure As the selection of control points needs to be done manually, inaccuracies within the
individual areas of the MV grid are to be expected. Within this thesis, the grid areas of Altenwerder
and Hausburch are assumed to have no residential building, as both of these zones comprise almost
exclusively of port and industrial areas.

Due to the lack of additional grid information, such as transformers, no power flow analysis can be
conducted within this work. The analysis of the effects of PV and heat pumps is therefore performed by
analyzing the aggregated hourly electricity balance in each MV grid area.

Figure 5.21: Approximated MV grid of Hamburg

5.7 District Heating Areas

As previously mentioned in Chapter [5.5.1] the assumed heating system of a building depends on the
availability of district heating. In this thesis, district heating data set described in Chapter is used.
Figure [5.22] provides an overview of the district heating data set used in this thesis. As this thesis aims
to only analyze the heating structure of residential buildings in Hamburg in its finished state, district
heating is assumed to also be available for both district heating expansion and decentralized heating
network areas. By combining this data set and the assumed location of the building (either using the
georeferenced address for main and secondary buildings or building centroid for buildings with missing
address), the heating system of each building can be determined based on the assumptions made in

Chapter

For two building blocks (109012 (A) and 319097 (B)) in Hamburg, no conclusion can be drawn regarding
the availability of district heating due to data gaps. This problem is displayed in Figure The pink
colored areas represent building blocks provided by ALKIS, red rectangles represent building objects,
and the purple, green, and gray colored areas represent the district heating data set. It can be clearly
seen that for these two areas, no information can be drawn from the district heating data set due to data
gaps. For case A (building block 109012), the assumption is made that district heating exists due to the
availability of district heating in the surrounding building blocks. On the other hand, for case B (building
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Figure 5.22: District heating areas per building block [|122]

block 319097) no conclusion can be made, as more details are needed to estimate the linear heat density
of this building block. The assumption is, therefore, made that decentralized heating supply are needed
for this building block.

Figure 5.23: Data gap within the provided district heating data set [|122]

5.8 Energy Optimization Model

In this section, the linear optimization model used to optimize the energy flow of each building is ex-
plained. Depending of the building energy system configuration, different optimization models are used.
Following the aim of this thesis, the optimization models implemented in this thesis are designed to
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only optimize the energy flow within the system from the point of view of the DSO. This leads to the
optimization goal of peak reduction in both consumption from the grid and feed-in to the grid.

The chosen optimization model, however, can lead to unrealistically high total electricity demand. This
occurs because the used optimization models do not consider the economic aspect of the energy sys-
tem.Electrical energy from the grid is, therefore, considered free of charge. To make the model some-
what realistic, a secondary objective to minimize the total electricity demand is required. To reduce
the complexity of this multi-objective optimization model, a constraint is introduced to limit the annual
electricity demand [188].

In the following, each of the optimization models is described.

5.8.1 Buildings with District Heating and without PV System

As previously mentioned in Chapter[5.5] for buildings located in district heating areas, it is assumed that
no thermal energy storage system exists within these buildings. Additionally, due to the non-existence of

PV, no battery storage system exist in these buildings. Considering the lack of flexibility in the system,
no optimization is done for this type of building.

5.8.2 Buildings without District Heating and without PV System

Figure provides a representation of the energy system configuration assumed for buildings without
a PV system that lie outside of the district heating network. The heat demand of the building has to be
met using the available heating system. The resulting electricity demand is then fully provided by the
electrical grid. As no PV system exists, no electricity is fed into the grid.

Figure 5.24: Buildings without district heating and without PV system. Adapted from [|165]]
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Notations

The following indices, sets, variables and parameters of this model are defined below.

1. Indices
* t - discrete time period
2. Sets
e T - set of all discrete periods of time
3. Parameters
* COP - coefficient of performance
* Wiy - heat demand
o W, - electricity demand
* P, - maximum heat ouput of heat pump
* WrES maz - maximum energy stored in thermal energy storage
* Wei limit - maximum electricity demand allowed during optimization
* NrES, - thermal storage charge efficiency
* NrES, - thermal storage discharge efficiency
* orgs - thermal storage daily self discharge rate
4. Variables
* kpp - heat pump utilization factor for heat demand
* kpp,c - heat pump utilization factor for thermal storage
* Wei np - electricity demand from heat pump
* Wei heater - heat supply from electrical heater
* Wel heater,c - heat supply from electrical heater for thermal storage
* WrEs - energy stored in thermal energy storage
* WrEs, - energy charged into thermal energy storage
* WrEs,q - energy discharged from thermal energy storage
* Wei total - total electricity demand

* Welmaz,p - Peak electricity value in postive direction

Equations and Objective Function

In the following section, the equations and objective function (OF) used for this model are described.
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Heat Balance The overall heat balance Wy, of the building is defined by equation The heat
demand is met using the combination of an electrical heater, a heat pump and energy discharged from
thermal energy storage.

Win(t] = (knplt] - Prp + Werheater[t] + WrEsalt] - nrEsa) VEeT (5.9

Thermal Energy Storage The constraints used to describe the behavior of thermal energy storage
are shown in equations presented in this section. The energy stored at the start of the time step Wrgg
is calculated using the energy stored in the previous time step and the amount of energy charged into
and discharged from the storage system. As this thesis assumes a constant daily self discharge rate
regardless of the boundary condition, this value is divided by 24 to calculate the hourly self discharge
rate. Furthermore, it is assumed that initially, no amount of thermal energy is stored in the storage system.
This behavior is described in equation[5.10]

0, ift=0
Wrgslt] = { Wreslt —1] = Wrgsqlt —1] (5.10)
o VieTandt #0
FWrpselt — 1)) - (1 — 7255, s

24

To make sure that enough capacity is available for charge Wrgs . and enough energy is available for
discharge Wrgg 4, tWo constraints and are introduced to the model. As this model utilizes
only the amount of energy at each time step, no statement can made regarding the charge and discharge
sequence of the thermal storage. To simplify this problem, the assumption is made that the amount of
energy available for charge and discharged are limited by the heat amount stored at the beginning of
the time step. Furthermore, the simplification that the thermal storage can be charged and discharged at
the same time step is used. As heat losses are assumed for both charging and discharging of the thermal
energy storage, this simplification may lead to a higher utilization of both heat pump and electrical heater.
This is turn can increase the overall electrical demand for the specific time step. This possible inaccuracy
within the model is accepted, as the goal of this work is not to provide a detailed calculation of the energy
system but rather to analyze the effects on the electricity grid.

WrEest] < (WrEsmaz — Wreslt])) VteT (5.11)
WrEsdlt] < Wreslt] VteT (5.12)
The amount of heat charged into the thermal storage Wrgg . is then calculated using the heat output

available from heat pump ky,, . and electrical heater W peqter,c. On top of that, the charge efficiency
NTES,c from table@is used. The mathematical formulation of this constraint is shown below (equation

p.13)

WrEeset] = (khpelt] - Pop + Wetheaterc[t]) - rESe Yt €T (5.13)
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Heat Pump For heat pump, equation is introduced to ensure that the sum of the utilization factors
(kpp and kp,, ) is less than or equal to one. The total electricity demand for heat pump W, p;, is then
calculated using the utilization factors, maximum heat output P, and its COP (equation 5.15).

knplt] + knpelt] <1 VteT (5.14)

Py,

Wetnplt] = (knp[t] + Fnp.c[t]) - COPI[t]

vteT (5.15)

Electrical Balance To fully represent the overall electricity demand W +otq Of the building, the
electricity demand for heating purposes needs to be added to the electricity demand from auxiliary de-
vices We;.

Wel,tatal [t] = Wel [t] + Wel,hp [t] + Wel.heater [ﬂ + Wel.heater,c[t] vteT (516)

As previously mentioned, equation[5.17]is used to limit the annual electrical demand to avoid turning this
model into a multi-objective optimization model. Wy ;i is total electricity demand for the building
using the assumption that the heat demand is met using only heat pump and electrical heater.

> Wartotar < Werimit (5.17)
vteT

The objective of this model is to minimize the maximum hourly electricity demand. As this type of
problem is often infeasible for MILP (Mixed-Integer Linear Programming) solvers currently available
in the market, a helper variable We; ;5,445 1s utilized. This variable is used to store the highest hourly
overall electricity demand within the whole time period T' (equation [5.18)). This variable can then be
used to formulate the objective function[5.19]

Wel,max,p > Wel,total [t] vieT (518)
OF := min(Weimaz,p) (5.19)

5.8.3 Buildings with District Heating and with PV System

In Figure the energy system of a building with PV system that lies within district heating areas
is shown. Due to the existence of PV system, the possibility of electricity being fed into the grid has
to be considered. This change in behavior warrants an adjustment to the optimization model, as now
the electricity peak in both positive (grid consumption) and negative (grid feed in) direction has to be
considered.
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Figure 5.25: Buildings with district heating and with PV system. Adapted from [165]

Notations

The following indices, sets, variables and parameters of this model are defined below.

1. Indices
* t - discrete time period
2. Sets
e T - set of all discrete periods of time
3. Parameters
* W, - electricity demand
* Wy, - PV generation
* Wei limit - maximum electricity demand allowed during optimization
e C'par - maximum battery capacity
* naczepAr - AC to battery efficiency
* npyvapar - PV to battery efficiency
* npyaac - PV to AC efficiency
* npAT24C - battery to AC efficiency
4. Variables
* Wpar - energy stored in battery
* Wpar, - energy charged into battery
* Wpar,q - energy discharged from battery
* Wy, BaT - PV generation for battery

* Whpu,grid - PV generation for grid feed in
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* Wyria,pAT - energy from the grid to charge battery

* Wei total - total electricity demand

* Wei total,p - total electricity demand in postive direction
* Wei total,n - total electricity demand in negative direction
* Wel,maz,p - Peak electricity value in postive direction

* Wel maz,n - peak electricity value in negative direction

Equations and Objective Function

In the following section, the equations and objective function (OF) used for this model are described.

Battery Storage In this section, the constraints used to model the behavior of battery storage is
presented. Similar to assumptions used for thermal energy storage in Chapter[5.8.2] the battery is assume
to be empty to start. The amount of electrical energy in the battery W 47 available at a particular time
step depends on the energy stored and the energy flow of the battery (Wgar, and Wgar 4) from the
previous time step. The battery storage also considers a constant self discharge rate op 47 (battery daily
self discharge rate). Equation [5.20] provides the mathematical formulation of the constraint used for the
optimization model.

0, ift=0
Wearlt] = { Waar[t —1] = Wrgsalt — 1] (5.20)
VteT andt #0
Wiaralt— 1)) - (1— 7847, 7

24

Using the same assumptions used for thermal storage system in equations [5.11] and [5.12] the amount
of electricity available for charge Wpar . and discharge Wt 4 is limited by the amount of energy
available at the start of the time step. The simplification, which allows the battery to be charged and
discharged in the same time step, is also used. This simplification may lead to larger losses within the
battery storage system, potentially leading to reduced peak shaving potential due to lower energy stored
in the battery system. Given that this work aims to provide only a qualitative assessment of the resulting
situation, these inaccuracies are accepted.

Wpare[t] < (Cpat — Wharlt]) VteT (5.21)
Wparalt] < Wpalt] VteT (5.22)
Since no limitations is placed regarding the source of electricity to charge the battery, both PV W, par

and electricity from the grid W,.;4 p a7 can be utilized. For each of the energy paths, assumptions from
Table[5.11]is used. The equation below shows how this constraint is implemented in this model.

WpaTc[t] = Wye,BaT(t] - nPvoBAT + Wyria,Bar(t] - nacepar VteT (5.23)
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PV System As shown in Figure the electricity generate from PV can either be used to charge
the battery W, par or directly utilized W), 4riq. Within this thesis no distinction is made between
electricity used for demands in building and for grid feed in. This decision is made as from the point of
view of DSO, both of these possibilities reduces the electricity taken from the grid.

va [t] = va,BAT [t] + Wgrid,BAT [t] VteT (5.24)

Electrical Balance The total electricity demand We; ;a1 Of the building depends on the demand
from auxiliary devices W, electricity from the grid to charge the battery W4 g, utilized PV gen-
eration Wy, 4riq, and electricity discharged from battery W47 4. The equation below shows how the
constraint is formulated in this model.

Weitotat[t] = Weilt] + Wyria, Bar[t] — Wyw,gridlt] - nPveac — Wear.a - 1BaT24c YVt €T (5.25)

As previously mentioned, a maximum value is used to limit the annual electricity demand of the building.
For this purpose, the previously mentioned equation [5.17]is also implemented in this model

Z Wel,total < Wel,limit "
vteT

As PV generation exists in this system, the optimization model needs to adjusted to optimize the peak
electricity demand in both positive (grid consumption) and negative (grid feed in) directions. To get
the peak electricity demand in both directions, the total electricity demand We; ;o4 is first split into its
positive Wy total,p and negative We; tota1,, cOmponents (equation . To avoid infeasibility problems
for MILP solvers, helper variables We; a2 p and Wep yq..» are used to get the absolute peak value for
both directions.

Wehtotal [t] = We,total,p [t] + We,total,n{t] vieT (526)
Wel,maz,p > We,total,p[t] VteT (527)
Wel,maa:,n > (*We,total,n[t]) VteT (528)

To avoid turning the optimization model into a multi objective optimization model, the objective func-
tion is created using the linear weighted sum method [188]], [189]]. In this model, it is assumed that
the effects of peak electricity demand, from the point of view of DSOs, are identical regardless of the
direction. Thus, the weights used for both We; 1,42, p and Wy 1qz., are identical and can be neglected in

the equation [5.29]

OF := min(Wel,max,p + Wel,max,n) (5.29)
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5.8.4 Buildings without District Heating and with PV System

The building energy system used for buildings within this category can be seen in Figure The
optimization model used for these buildings can be roughly seen as the combination of the optimization
models used in Chapters[5.8.2]and [5.8.3] Nonetheless, adjustments are needed to model the connection
between PV system and heat supply.

Notations

The following indices, sets, variables and parameters of this model are defined below.

1. Indices
* t - discrete time period
2. Sets
e T - set of all discrete periods of time
3. Parameters
e Wiy - heat demand
* W, - electricity demand
* Wpy - PV generation
* Wei limit - maximum electricity demand allowed during optimization
* P, - maximum heat ouput of heat pump
* COP - coefficient of performance
* WrES maz - maximum energy stored in thermal energy storage
* Cpar - maximum battery capacity
* nacepar - AC to battery efficiency
* npyvaBaT - PV to battery efficiency
* npyaac - PV to AC efficiency
* npAT24C - battery to AC efficiency
* NrES, - thermal storage charge efficiency
* NrES, - thermal storage discharge efficiency
* orgs - thermal storage daily self discharge rate
4. Variables
* kpp - heat pump utilization factor for heat demand

* kpp,c - heat pump utilization factor for thermal storage
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* Wei heater - heat supply from electrical heater

* Wel.heater,c - heat supply from electrical heater for thermal storage
* WrEs - energy stored in thermal energy storage

* WrEgs, - energy charged into thermal energy storage

* WrEs,q - energy discharged from thermal energy storage

* Wpar - energy stored in battery

* Wpar, - energy charged into battery

* Wpar 4 - energy discharged from battery

* Wpar.arTEs - energy discharged from battery for thermal storage
* WpBAT,d,grid - energy discharged from battery for electricity grid
* Wy, BaT - PV generation for battery

* Whpu,grid - PV generation for grid feed in

* Wy, TESs - PV generation for thermal storage

* Wyria,pAT - energy from the grid to charge battery

* Wyria,rEs - energy from the grid to charge thermal storage

* Wei total - total electricity demand

* Wel total,p - total electricity demand in postive direction

* Wel total,n - total electricity demand in negative direction

* Weimaax,p - Peak electricity value in postive direction

* Wel,maz,n - Peak electricity value in negative direction

Equations and Objective Function

In the following section, the equations and objective function (OF) used for this model are described.

Heat Balance To model the overall heat balance for buildings within this category, equation is
used without any adjustment, as the assumptions used for both models are identical.

Winlt] = knp(t] - Prp + Werheater [t] + WrEsalt] - nrEsa YVt e T 39
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Thermal Energy Storage Identical to the constraints used in Chapter to describe the energy
level of the thermal energy storage Wr g, equation[5.10]is once again utilized. On top of that, equations
[5.11) and [5.12] are needed to limit the amount of energy charged into and discharged from the thermal
energy storage.

0, ift=0

WrEes [t] = (WTES [t - 1] - WTES,d[t — 1] (5.10)
+WTES,c[t—1])'(1— 0'72155)7 VtETandt;&O

Wrest] < Wresme: — Wres(t]) VteT G1T)

Wresalt] < Wres(t] VteT G12)

For buildings in this category, adjustments are needed for the calculation of the heat amount charged
into the thermal energy storage Wrgs . to take the possibility of charging the thermal energy storage
using PV into account. First the amount of electrical energy needed to charge the thermal energy storage
is determined (equation . The electrical energy can come from battery storage Wgar arES, PV
Woye,TES, or the electricity grid Wy,;q 7Es. Equation @ is then used to calculate the amount of heat
added into thermal energy storage.

Wparares(t] - nBaT24c +

P
khp,c[t] : #Pp[t] + Wel.heater,c[t] - WpU,TES [t] *NpPv2AC + vteT (530)
Worid, TES[t]
WTES,c[t] - (khp,c[t] : Php + Wel.heater,c[t]) *NTES,c VteT (531)

Heat Pump For heat pumps, equation from Chapter is used to ensure that the heat output
of the heat pump does not exceed its maximum value.

khp[t] + khp,c[t] <1 VteT "

Battery Storage As the system shown in Figure does not offer the possibility to convert heat
back to electricity, the constraints used in Chapter [5.8.3] regarding battery storage are once again used
and shown below.

0, ift=0

Woarfl) = § (Weark =1 = WBAT?EE A_Tl] Vte Tandt #0 620
AWearelt — 1) - (1 - =),

Wpar,e[t] < (Cpat — Wharlt]) VteT G.21)

Wearalt] < Wpalt] VteT .22

War.clt] = Wpe,Bar(t] - nevepar + Wyria,ar[t] - nacear YVt €T (5.23)
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In addition to the aforementioned constraints, equation [5.32]is used to split the amount of electricity
discharged W at 4 from the battery depending on its usage.

Waar.dltl = Wearagrialt] + Wearares(t] VteT (5.32)

PV System For buildings within this category, the constraint described in equation is extended to
include the charging of thermal storage using PV. The equation used in this model is shown in equation

(.33
va [t] = WpU,BAT[t] + va,TES [t] + Wgrid,BAT[t] VieT (533)

Electrical Balance For this category of buildings, a new constraint is formulated to calculate the
total electricity demand W; stq;. Concerning the calculation of the total electricity demand We; totai,
only energy flows, that are visible from the point of view of DSO need to be considered. The resulting
equation is shown below.

Py,
" Wel [t] + (khp[t]) : COPp[t] + Wel.heater [t] + y . s
t = te .
eltotalf] Wrid,BAT[t) + Wria TES[t] — (5-34)
(WBAT.d,grid - MBAT24C + Wy gridlt] - nPV24C)
To limit the annual electricity demand, equation [5.17)is once again utilized.
Z Wel,total < Wel,limit "

vteT

Due to the existence of PV in buildings within this category, peak electricity demands in both positive
and negative direction are to be optimized. For this reason, assumptions and methods used to formulate

the objective function from Chapter [5.8.3|can once again be used (equations -[5.29).

Wertotallt] = We totat plt] + Wetotanlt] VE €T
Wetmazp > Wetotalplt] ¥Vt €T
Wetmazn > (—Wetotarnlt]) V€T
OF := min(Wei maz,p + Wel,maz,n)

g S e

5.9 Software and Hardware Implementation

Due to the chosen spatial and temporal resolution of the methods used in this thesis, it is necessary to
consider the software and hardware requirements. The following section provides a brief overview of the
software implementation and the hardware utilized for this thesis. Subsequently, the total computational
time required for the overall calculations using the methods described in Chapter [3is presented
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Software Implementation and Hardware

The models developed in this thesis are generated using the Python programming language in conjunction
with a spatial database comprising PostgreSQL 12 and PostGIS 3. To solve the LP models, which are
generated using optimization problem formulator Pyomo, outlined in Chapter[5.8] CPLEX 22.1.1 is used.
The software is installed on a server with 128 GB of RAM and two Intel(R) Xeon(R) CPU E5-2630 v2
@ 2.60GHz (24 CPUs in total) running Linux Ubuntu 20.04.6 LTS.

Computational Time

The bulk of the computational time lies on the optimization of every single residential building (229,119
buildings) in Hamburg. To address the single-thread limitation of Python, multiprocessing is used to
parallelize the calculation process. To avoid instabilities on the server, only 20 out of the 24 CPUs are
utilized for the calculation. In total, approximately 80 to 85 hours of runtime are needed to complete the
calculation. It is worth noting that the LP models used in this thesis are not yet optimized, leaving room
for potential improvements in runtime.
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6 Plausibility Check

Within this chapter, plausibility checks are conducted to estimate the extent of errors made using the
presented method. Due to the lack of data availability, plausibility checks can only be done for a number
of generated datasets. In the context of this work, the plausibility checks are done using only publicly
available datasets.

6.1 Reference Area Plausibility

As the methods presented in chapter [5] are mostly based on the reference living area of the buildings,
a plausibility check of the calculated reference area provides a good first estimation of the errors. The
plausibility check for reference area is based on methods used in [128]].

For this purpose, a data set from the Hamburg statistics office containing average residential living space
per city district is used. Since the values for residential living space from this statistics are calculated
based on results of the 2011 German census, deviations from real situation are to be expected [[190].
Nonetheless this statistic still provides the best guess for residential living area situation in Hamburg.

Figure [6.1] shows the result of the correlation analysis. From the figure, it can be seen that the estimated
reference residential area fits relatively well with the values calculated using the statistics. The estimated
residential living area shows in total an overestimation by 0.2% compared to the statistics.

Despite the good correlation between the aggregated values, significant deviations may still occur at the
building level. Table[6.1|presents the descriptive statistics for the estimated reference area on the building
level. From this table, it is clear that using the methods described in the previous chapter may lead to
unrealistic values. Outlier values, such as 107,668 m? of residential living area, are mainly caused due
to the heterogeneity of buildings classified within the same ALKIS code [128]]. This maximum value
points to a large shopping center in Hamburg, the Einkaufscenter Jenfeld. For this building object, the
code 1120 (Wohngebdude mit Handel und Diestleistungen) is assigned. To correctly model this building,
a significantly lower share has to be manually assigned. Due to the amount of building objects considered
in this thesis (229,169 building objects in total), manual assignment of residential share percentage for
each building is deemed unrealistic.

Considering the aim of this thesis is to analyze the interplay between the modeled components on the MV
level, the errors made at the building level are accepted. Additionally, at the time of writing, there exists
no other data set other than ALKIS that offers sufficient spatial resolution and detailed information.
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Figure 6.1: Correlation between calculated reference living area and statistics at city district level

Table 6.1: Descriptive statistics of estimated residential living area

Attribute Value [m?]
Mean 331
Median 109
Min 1
Max 107668
Standard Deviation 834
99th Percentile 3254
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6.2 Heat Demand Plausibility

Due to the lack of available data set, the plausibility check for the annual heat demand is only done at the
NUTS-1 level. For this plausibility check, the methods described in [[126], [[128]] are implemented in this
thesis. As no measurement data of annual heat demand is available, the reference value for comparison
has to be calculated using the available statistics.

The first statistics used in this thesis to estimate the annual residential heat demand are energy consump-
tion statistics according to its sector and fuel types, provided by the Hamburg statistics office [191]]-
[194]]. Due to the way this statistics is put together, the amount of energy used per fuel type for private
households in Hamburg can be determined.

As the aforementioned statistics does not provide any information regarding the end usage of the fuel
types, additional further data set is needed to translate the fuel types into heat demand (space heating and
domestic heat water). For this reason, country wide statistics from AGEB (Working Group on Energy
Balances - Arbeitsgemeinschaft Energiebilanzen e.V.) are used [195]], [196]. Using the assumption that
the values from this country wide statistics are also applicable to Hamburg, the portion of energy used
for space heating and domestic hot water for each fuel type can be estimated [126], [[128]]. It is however
important to note that the heating systems used in Hamburg differ significantly from the average country
wide heating system. [16].

Since this thesis utilizes TABULA to estimate the annual heat demand for each building type, the annual
heat demands calculated from the statistics need to be corrected for weather conditions. The weather
correction is done for space heating using degree days method [126], [[128]], with relevant weather data
generated with IWU degree days tool using assumptions from Table [5.6][136].

The approximated heat demand for Hamburg is shown in Table[6.2] In this table, the values for three latest
available years are provided. The calculated annual heat demand using TABULA is finally compared to
the average annual demand for years 2019-2021. From the results in Table it can be concluded that
the model used in this thesis is plausible. It is nonetheless important to note that the values calculated
from the energy statistics provide only an approximation and should therefore be approached with care.

Table 6.2: Weather corrected annual heat demand of Hamburg based on [[136], [192]-[196]

End Use Split Results
Fuel Degree-days Domestic
Year Fuel Type Amount Space Domestic  / Long Term Space Hot
[GWh] pat Hot Average Heating
Heating Water (GWh] Water
[GWh]
Oil 2107 83.7% 15.4% 1898 324
Gas 4139 78.3% 21.2% 3488 878
Electricity 3160 5.9% 11.4% 201 360
2019 District 2729 /2937
. 2842 90.5% 9.5% 2768 270
Heating
Coal 6 100% 0% 6 0
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Renewables 408 88.1% 11.9% 387 49

Oil 1670 83.9% 15.4% 1565 257
Gas 4134 78.3% 21.2% 3615 876
2020 E};fst:;fcltty 3136 5.9% 11.4% 2630 / 2937 207 357
. 2770 90.5% 9.5% 2800 263
Heating
Coal 5 100% 0% 5 0
Renewables 443 87.7% 12.3% 434 54
Oil 1334 83.6% 15.3% 1060 204
Gas 4551 78.3% 21.2% 3389 965
2001 E};;::trrllccltty 3176 5.9% 11.4% 3088 / 2937 178 362
. 3244 90.5% 9.5% 2792 308
Heating
Coal 5 100% 0% 5 0
Renewables 451 88.8% 11.2% 381 51

Table 6.3: Comparison of total estimated heat demand and energy statistics

Source Heat Demand [GWh]
Three Year Average 10253
Heat Demand Model 10274

6.3 Heat Time Series Plausibility

The assessment of the hourly heat demand time series presented in this thesis is done by comparing its
hourly values to the SLP for gas at the NUTS-1 level [137]]. This gas load profile has also often been used
as a proxy for heat demand profile [[125]]. To ensure that the SLP is comparable with the calculated load
profile, the SLP is scaled to the same annual demand as the calculated profile. Figure [6.2] visualizes the
comparison between the profiles. From this figure, the similarity between both profiles at the NUTS-1
level can be observed. In the statistical analysis provided in Table [6.4] it can seen that both of these
profiles are relatively similar.
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Figure 6.2: Comparison between VDEW dynamic household load profile [[155] and electricity demand
model

Table 6.4: Statistical overview of the hourly standard load profile gas from BDEW [155]] and heat demand
model. All Values in MWh

Source Mean Median Min Max Standard Deviation
Standard Load Profile 1173 971 21 4401 835
Heat Demand Model 1173 983 12 3358 842

6.3.1 Heating System Sizing Plausibility
To estimate whether the chosen method for the sizing of heat pump is suitable for the purpose of this

thesis, the annual FLH (full load hour) is calculated for each of the heat pumps. Table [6.5] provides a
statistical overview of the FLH values.
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Table 6.5: Descriptive statistics of heat pump full load hours

Attribute Value [kW]
Mean 2365
Median 2265
Min 536
Max 11478
Standard Deviation 928
10th Percentile 1294
25th Percentile 1729
75th Percentile 2758
90th Percentile 3308

To better evaluate the calculated FLH values, different reference values from the literature are shown in
Table Disregarding the outliers, the computed FLH values demonstrate a relatively good correlation
when compared to the reference values obtained from the literature.

Table 6.6: Reference full load hours

Type FLH Source
EFH 2100  [197]
MFH 2000  [197]

Assumed average value 1800  [198]
Large-scale heat pump 3000  [49]

In the literature, the size of the thermal energy storage is typically calculated using a mathematical
optimization [[176], [199] or dimensioned directly based on its boundary conditions [200]. As both
of these methods require a comprehensive analysis for each building object, no plausibility check is
therefore carried out for thermal energy storage sizing method.

6.4 Electricity Demand Plausibility

As no publicly available data set for annual electricity demand for residential sector is available, this
value needs to be estimated using available statistics. For this reason, statistics regarding energy usage
per fuel type depending are once again used, together with country wide statistics from AGEB [[192]-
[196]. Similar to the annual heat demand, the electricity demand estimated using this model is compared
the the average electricity demand of the three last available years from the statistics. This result is
presented in Table The model used in this thesis overestimates the electricity demand by roughly
5.6% and is acceptable for the scope of this thesis. It is once again crucial to emphasize that the value
used for comparison is derived out of statistics and provides only an approximation.
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Table 6.7: Comparison of total estimated electricity demand and energy statistics

Source Electricity Demand [GWh]
Three Year Average 2611
Electricity Demand Model 2757

6.5 Electricity Time Series Plausibility

To assess the plausibility of the generated hourly electricity time series, a comparison is made with the
SLP. Due to the lack of measurement data, this comparison is made at NUTS-1 level instead of the city
district level. The annual demand of the SLP is scaled to 2757 GWh to match the electricity demand
model used in this thesis. In the following Figure [6.3] the comparison is shown. Parallel to the trend
mentioned in Chapter[5.3.6] a similar pattern can be observed. While the peaks in demand align in time,
considerable difference in magnitude can be observed.

Considering that the SLP are based on measurements made in the 1980s and 1980s, the difference in
peak values also fit with the technological of the household appliances since the development of the
profiles [[125]], [148]. Nowadays, electrical appliances typically have considerably lower standby energy
consumption, which can result in lower energy consumption during the night [[125]], [201]. Furthermore,
this work utilizes a set of 2511 load profiles instead of 100,000 profiles (Chapter [5.3.1), which may
contribute to peak values occurring at specific time steps. Considering these factors, this deviation is
deemed acceptable, as one of the goals of the electrical demand model is not to recreate the values of
SLP but rather to introduce variance to the load profiles.

To better describe the difference, Table [6.8] provides a statistical overview for both hourly profiles. From
the statistical analysis, it can be seen that the electricity demand model generates higher peak values with
higher standard deviations.

Table 6.8: Statistical overview of the hourly load profile from VDEW dynamic household standard load
profile and electricity demand model. All Values in MWh

Source Mean Median Min Max Standard Deviation
Standard Load Profile 315 329 102 732 134
Electricity Demand Model 315 297 55 956 211
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7 Results and Discussion

In this chapter, the assumptions and results generated using the methods described in the previous chap-
ter are presented and discussed. It starts by showcasing the outcomes of the optimization model and
concludes with a discussion of the generated results.

7.1 Results

In this section, the results generated from the methods described in chapter[5|are presented. As a result of
the chosen spatial and temporal resolution used in this thesis, the calculation resulted in a large amount
of data. The evaluation of the generated results is therefore done in aggregated form. In the following,
results on different aggregation levels are shown.

7.1.1 Results based on Building Energy System Configuration

To better understand the hourly electricity demand resulting from the different combinations of technolo-
gies, the results are first aggregated based on the building energy system configuration.

Buildings with District Heating and without PV System

As previously mentioned in Chapter no flexibility options exist for buildings in this category. In
total, 7,906 building objects are classified within this category. In Figure the hourly electricity
demand profile is shown together with the SLP. From this comparison it is once again clear that while
the shape of the profile is relatively similar, the difference in magnitudes is relatively significant.

From Figure it can also be seen that the peak electricity demand for this building type come during
the winter times. The seasonal variation in electricity demand can also be clearly observed. To help
evaluate the peak hourly electricity demand in relation to its profile, FLH is once again used. For the
quantification of the peak demand, FLH is calculated by dividing the total electricity demand by the
peak hourly electricity demand. Using this definition, a value of 2807 h can be calculated. For SLP on
the other hand, a value of 3765 h can be calculated for FLH. Compared to SLP, the modeled electricity
demand is therefore shown to have a considerable higher volatility.
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Figure 7.1: Hourly electricity demand profile in MWh for buildings with district heating and without PV
system

Buildings without District Heating and without PV System

Using the methodology presented in this thesis, 31,408 building objects can be classified into this cate-
gory. In Figure the hourly electricity demand profile is shown.

Figure 7.2: Hourly electricity demand profile in MWh for buildings without district heating and without
PV system
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Similar to the previous building category, the peak electricity demand occurs in winter. This outcome
aligns with expected result, considering that the building’s heat demand is supplied through a combina-
tion of heat pump, electrical heater, and thermal energy storage. From the aggregated electricity demand
time series, a FLH of 3,759 hours can be calculated. This relatively high value is partly attributed to the
capability of thermal energy storage, which allows for the partial decoupling of heat generation and heat
consumption.

To better understand the role of thermal energy storage for the reduction of peak electricity demand,
the average storage level and the normalized demand for both electricity and heat is presented in Figure
The normalized demands reveal that the highest electricity demands occur during times of peak heat
demands (marked with a black rectangle). Concurrently, a sharp increase in storage level is observed
within this time frame. This sharp increase demonstrates the load-shifting capability of a thermal storage
system, effectively reducing peak demand and flattening the demand profile. Additionally, the consis-
tently low average storage level throughout the considered period provides an indication that the thermal
storage sizing method described in chapter[5.5.3|may be unsuitable for the purpose of this thesis.

As described in Chapter[5.5.3] the size of the electrical heater is not fixed but rather calculated as a part of
the LP model. The results show that for 1,135 building objects, no additional electrical heater is required
for the heating supply. For the rest, a ratio between the size of the heat pump and electrical heater is
calculated by dividing the heating load of the heat pump by the size of the electrical heater. Table
provides a statistical overview of the calculated ratios. From the statistics, it is clear that the required
electrical heaters for this building category are considerably smaller compared to the heat pumps.

Table 7.1: Descriptive statistics of the ratio between heat pump and electrical heater for buildings without
district heating and without PV system

Attribute Ratio [-]
Mean 3.86
Median 2.64
Min 0.33
Max 3098
Standard Deviation 31.84
10th Percentile 1.75
25th Percentile 2.11
75th Percentile 3.66
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Figure 7.3: Average thermal storage level in % and the normalized energy demand for buildings without
district heating and PV system.

Buildings with District Heating and with PV System

The flexibility in these types of buildings is represented by the presence of battery storage in the PV
system. In this category, a total of 54,095 building objects can be identified. In Figure the hourly
electricity demand profile is shown.
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Figure 7.4: Hourly electricity demand profile in MWh for buildings with district heating and PV system

Due to the presence of PV within the system, electricity demand in both the positive direction (referring
to energy taken from the grid) and the negative direction (referring to energy fed into the grid) can be
observed. From the hourly values, it is clear that the peak electricity demand in the negative direction is
significantly larger than the peak demand in the positive direction. On top of that the expected seasonal
variation of electricity generation from PV is also clearly shown.

Furthermore, it can be seen that the peak electricity demands in the positive direction can be flattened,
while huge variations can be seen in the negative direction. To better analyze the flatness of the demand
profiles, the electricity demands are sorted in descending order and displayed in Figure From this
figure, it is also clear that for the majority of the time, electricity is required from the grid, while roughly
25% of the time electricity is fed into the grid. Annually, the amount of energy required from the grid is
higher than the total energy fed into the grid.

To assess the flatness of the electricity demand profile, FLH is once again used. Due to the bidirec-
tionality of the demand profile, FLH is calculated for its positive, negative, and absolute values. The
consideration of the absolute values is made due to the assumption that, from the DSO point of view, the
effects of the demand profile are identical regardless of its direction. In the following, the FLH values
are presented.

* Negative FLH: 1183 h
¢ Positive FLH: 3483 h
¢ Absolute FLH: 2486 h

Based on the calculated FLH values and Figure it can be assumed that the electricity fed into the
grid may pose significant challenges in maintaining grid stability.
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Figure 7.5: Hourly electricity demand profile in MWh sorted in descending order for buildings with
district heating and PV system

To better understand the role of battery storage for buildings in this category, the average level of the
battery storage is provided in Figure[7.6] As opposed to the seasonal variation of the electricity generation
from PV, a continuous utilization throughout the year can be observed. This highlights the potential of
battery storage to both flatten and reduce the peak demands.

Figure 7.6: Average battery storage level in % for buildings with district heating and PV system.
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However, Figure does not provide any indication regarding the battery sizing method. To address
this, the average battery levels are sorted in descending order and presented in Figure The figure
reveals that on average, for the majority of the time, the battery storage is not highly utilized. Based
on this result, it is reasonable to assume that the chosen sizing method slightly overestimates the size
of the battery storage. Choosing a smaller battery, however, would adversely impact the reduction and
flattening potential of the battery. A more detailed sizing of the battery would require a more in-depth
consideration of additional factors, such as economic feasibility, which is beyond the scope of this work.
As a result, this possible overestimation is accepted.

Figure 7.7: Average battery storage level in % sorted in descending order for buildings with district
heating and PV system.

Buildings without District Heating and with PV System

This category represents buildings with the highest flexibility options available. The presence of both
thermal energy storage and battery storage offers the opportunity for both load shifting and peak reduc-
tion of electricity demand by coupling both sectors together. A total of 135,760 building objects are
calculated within this category. In Figure the hourly electricity demand profile is shown.

In contrast to the previous categories, the hourly peak electricity demands in both positive direction
(537 MWh) and negative direction (524 MWh) are similar. This indicates a considerable improvement
compared to building objects without thermal storage and with a PV system, where the hourly peak
electricity demand in the negative direction is roughly 2.7 times higher than its positive counterparts

(Figure[7.4).

Figure displays the electricity demands sorted in descending order. Once again, it can be observed
that roughly 25% of the time, electricity is fed into the grid. Despite the similarity in peak values,
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Figure 7.8: Hourly electricity demand profile in MWh for buildings without district heating and with PV
system

the slope of sorted negative values is higher, which shows the volatility of the amount of residual PV
generation fed into the grid.

Figure 7.9: Hourly electricity demand profile in MWh sorted in descending order for buildings without
district heating and with PV system

Similar to the other building categories, FLH is also employed here to better understand the generated
electricity demand profile. Once again, FLH is calculated for positive, negative, and absolute values. The
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values are presented as follows:

* Negative FLH: 995 h
e Positive FLH: 3313 h
e Absolute FLH: 4285 h

At the first glance, both the negative and positive FLH do not offer any noticeable improvement compared
to the previous category (with district heating and PV system). However, when examining the absolute
FLH, a significant improvement is evident. The absolute FLH value hints at the potential benefits of
sector coupling for the electricity grid.

To better understand the effects of both thermal and battery storage, the average storage level of both
flexibility options is shown in Figure It can be observed that both thermal and battery storage are
used in tandem throughout the year. Interestingly, the highest average storage level for thermal storage
is reached during the summer. As thermal storage system allows the decoupling of heat generation and
heat demand, residual loads coming from PV generation can be used to charge the thermal storage using
the combination of heat pump and electrical heater, which can be discharged to fulfill heat demand at
a later time. Based on this principle, the potential of thermal storage to help smoothen the electricity
feed-in profile can be highlighted.

Figure 7.10: Average battery storage level in % for buildings without district heating and with PV system.

To asses the size of the required additional electrical heater, the ratio between the heating load of the
heat pump and the size of the electrical heater is calculated. Table[7.2| provides a statistical overview of
the calculated ratios. From the statistics, it can be seen, that for more than half of the buildings within
this building category, electrical heaters are dimensioned to be bigger than the heating load of the pump
(ratio smaller than 1).
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Table 7.2: Descriptive statistics of the ratio between heat pump and electrical heater for buildings without
district heating and with PV system

Attribute Ratio [-]
Mean 1.02
Median 0.82
Min 0.08
Max 46.62
Standard Deviation 0.73
10th Percentile 0.37
25th Percentile 0.54
75th Percentile 1.27

Compared to the statistics presented in Table this building type exhibits a considerably larger size
of electrical heater. The need for a larger electrical heater can be attributed to the presence of PV within
the system. This effect is illustrated in Figure where the normalized output of the electrical heater
for buildings with PV and without PV is depicted. From this figure, it is evident that the electrical heater
provides an additional flexibility option during the summer to reduce the amount of electricity fed into
the grid.

Figure 7.11: Normalized heat output from electrical heater
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7.1.2 Results on NUTS-1 Level

To analyze the effects of different building energy system configurations for the region of Hamburg, the
results are aggregated at the NUTS-1 level. The resulting aggregated hourly electricity demand profile is
presented in Figure It is evident that the overall peak hourly electricity demand occurs during the
summer, highlighting the potential and challenges arising from PV generation. With 1,243 MWh, the
maximum hourly feed-in is roughly 1.4 times higher than the highest hourly electricity required from the
grid.

Figure 7.12: Hourly electricity demand profile in MWh for Hamburg

However, an analysis of the annual electricity demands paints a relatively different picture. The yearly
electricity demand totals 1,648 GWh, indicating a roughly 40% reduction compared to the baseline
annual electricity demand of 2,757 GWh (see Chapter [6.4). Despite the disproportionate feed-in in the
summer (Figure [7.12), a relatively good absolute FLH value of 3417 h can still be calculated. Figure
illustrates, once again, that roughly one-fourth of the time, electricity is fed into the grid.
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Figure 7.13: Hourly electricity demand profile in MWh sorted in descending order for Hamburg

7.1.3 Results on Medium-Voltage Grid Level

As previously mentioned in Chapter [3.4.3] the optimization results are aggregated based on the MV grid
to provide a simple assessment of grid congestion on the lower voltage levels. As electricity demand
varies for each MV grid, the comparison between the grid areas are done using two indicators, namely:
absolute FLH and ratio between hourly peak demand in positive direction and negative direction.

In Figure the FLH values of each grid area is shown. As Altenwerder and Hausbruch are assumed
to have no residential area (see Chapter[5.6), both of these areas are not shown in this figure. A low FLH
corresponds to a relatively volatile electricity demand profile with high peak values with high FLH refers
to area with relatively flat electricity demand. It can be seen that high FLH values (represented by darker
shade of green) are located mostly outside of the city center. In addition to FLH, the ratio between the
peak demands is calculated for each grid area (Figure to evaluate the proportion of the residual
feed-in coming from PV generation. This ratio is calculated by dividing the peak hourly electricity
required from the grid by the peak residual PV feed-in. As the ratios here represent the proportion of the
peak demands, values closer to 1 are considered ideal for the electricity grid. Similar to Figure the
best ratios are mostly located on the outskirts of the city. Additionally, it can be also seen that in grid
areas with a relatively low FLH, the peak electricity feed-ins are often disproportionately larger than its
counterparts (low ratio). Additionally it is evident that grid areas with relatively similar peak demands
(represented by ratio close to 1) are also associated with comparatively good FLH values.

From Figures and it is evident that the detrimental effects of PV generation are not evenly
distributed. Within this work, this discrepancy is primarily attributed to the absence of a heat pump,
electrical heater, and thermal energy storage. This is further supported by Figure illustrating the
overlap between MV grid areas and district heating areas. Using this figure, a correlation between grid
areas with widespread connection of district heating and low FLH and ratio can be established.
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Figure 7.14: FLH in Medium-Voltage Grid Areas

Figure 7.15: Ratio between hourly peak demands in Medium-Voltage Grid Areas
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Figure 7.16: Overlap between MV grid areas and district heating areas [[122]
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7.2 Discussion

In this section, the results from different aggregation levels presented in Chapter|[7.T]are discussed further,
along with an assessment of the practical implications of these findings.

7.2.1 Discussion of Results
Results based on Building Energy System Configuration
To compare the results of the different building energy system configurations from Chapter FLH

is utilized as an indicator. Due to the presence of PV within the system, absolute values are employed to
ensure comparability of the calculated values.

* SLP :3765h
 with district heating and without PV : 2807 h
 without district heating and without PV : 3759 h
 with district heating and with PV : 2486 h
 without district heating and with PV :4285h

The lowest FLH is calculated for building objects with only PV system, highlighting the seasonal varia-
tion and volatility of PV generation profile. Even with the presence of battery storage system, situations
may occur in which the peak electricity demand in the negative direction is significantly larger than its
positive counterparts (Figure[7.4).

Figure demonstrates that the electrification of heat demand using a heat pump, electrical heater,
and thermal storage could provide a considerable improvement. This enhancement is also noticeable in
terms of FLH, showcasing the potential of sector coupling to help stabilize the grid. Figure further
supports this, illustrating that both battery and thermal energy storage work in tandem to improve the
electricity demand profile. Even in the absence of a PV system, a relatively high FLH (3759 h) can be
calculated, which highlights the compatibility between heat pump, electrical and thermal energy storage
to maintain a relatively stable electricity demand profile. This is further supported by the comparison
with SLP, where the FLH value from SLP can only be reached when heat pump, electrical heater, and
thermal storage are available in the system.

Results on NUTS-1 Level

In Hamburg, in spite of the electrification of heat demand for 73% of all residential building objects, a re-
duction of approximately 40% compared to the baseline annual electricity demand can be observed. This
can be attributed to the huge potential of PV in residential buildings. It is therefore reasonable to assume
that the electrification of heat demand using the aforementioned building energy system configurations
is plausible. From Figure[/.12] it is clear that the potential detrimental effects of disproportionate elec-
tricity feed-in from residual PV generation during the summer must be addressed to ensure the stability
of the electricity grid.
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Results on Medium-Voltage Grid Level

As previously mentioned, residential PV systems are mostly connected to lower voltage levels of the
distribution grid. This therefore highlights the need for an analysis of the electricity flow on the lower
voltage levels. Due to the availability of the data set, this analysis is done using aggregated results on
MV level. From Figures and[7.14] it can be seen that the highest volatility of the electricity demand
profile is located within the city center. It is also important to note that these grid areas correspond highly
with areas, where a heating supply from district heating is to be expected. Due to the lack of flexibility
options (no thermal storage and electric heating available), these areas can be seen as having the highest
risk of grid congestion.

7.2.2 Practical Implications

Out of the presented results, several practical implications can be derived.

Energy System Planning

To ensure a climate-neutral and economical heating system, a strategic approach is required. District
heating is often highlighted as one of the key technologies to achieve this goal. However, the widespread
use of district heating could potentially lead to a decrease in flexibility options within the system. In a
transformed energy system, where heat and electricity are closely coupled, a reduction in flexibility could
adversely affect the electricity grid. This effect can be intensified by the high penetration of renewable
generation sources (see Figure and [7.14] for example). For this reason, the impact a heating system
can have on the electricity grid, and vice versa, should always be considered in the pathway towards
a transformed energy system [202]. This need is further highlighted by the introduction of WPG (Heat
Planning Act - Wirmeplanungsgesetz), which obligates the federal states to establish heat transformation
plans towards climate neutrality.

Obstacles for Residential Flexibility Options

Within the current landscape of energy sector, constant electricity tariffs are used for the majority of cus-
tomers. Due to the rising electricity prices along the years, these fixed tariffs make it financially attractive
to utilize the self generated electricity and have proven to be an important driver for the expansion and
acceptance of renewable energy (rooftop PV in particular). This current scheme however provides no
financial incentive for individual household consumers to adjust their demand profile for the benefit of
the electrical grid [203].

Beside the lack of financial incentives, a number of current regulatory obstacles also has to be addressed
to effectively integrate flexibility into the electricity grid. One typical example is the limitation placed
on battery storage system, where the EEG (Renewable Energy Act - Erneuerbare-Energien-Gesetz) is
applied. In these batteries, only green energy (energy from the corresponding renewable sources) may
be stored. If gray electricity (electricity from the grid) is stored alongside green electricity, all of the
electricity charged in the battery is automatically considered as gray electricity. Concretely this means
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that storage systems from the innovation tenders cannot be charged using electricity from the grid, even
if it is financially viable to do [204]-[206]

Therefore, systematic changes within the energy sector has to occur before the full potential of flexibility
options can be fully realized for the grid.
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8 Conclusion and Outlook

The following section summarizes the results of this work and highlights possible changes and extensions
to the methods used in this work.

8.1 Conclusion

Within the scope of this work, a method has been developed to analyze the potential and impact of
PV and heat pumps in a highly electrified and coupled energy system for every residential building in
Hamburg. Given the scope of this work, the model employed in this thesis is considerably simplified,
focusing mainly on technical aspects such as efficiency.

The results presented in this work lead to the conclusion that a highly electrified heating system for
residential buildings, based on heat pumps, electrical heaters, and PV, is feasible. However, to avoid
detrimental effects on the electricity grid, a considerable amount of flexibility is required within the
system to prevent short-term disproportionate load peaks in both positive (energy taken from the grid) and
negative (energy fed into the grid) directions. Additionally, a high adoption rate of rooftop PV systems
may introduce new challenges in the form of highly volatile and seasonal bidirectional electricity flow.

The aggregated results on the MV grid further demonstrate potential challenges that may arise due to
the combination of district heating and high PV penetration in residential areas. Since there is no option
to couple the electricity and heat sectors, the seasonal volatility of PV becomes more predominant.
This highlights the need for a specific strategic approach for each individual area to ensure a smooth
integration of these CO,-friendly technologies. Despite the promising potential of heat pumps and PVs,
substantial changes to the current frameworks of the energy market are required to fully realize the
potential of these technologies for the benefit of the electricity grid.

Furthermore, this work demonstrates that the analysis of every residential building in Hamburg (a total
of 229,119 buildings) at an hourly resolution is generally feasible. Given the extensive data generated
by this type of analysis, attention should be paid to meaningfully interpret the results. Particular care
must also be taken to ensure that the input data sets are of adequate quality, as the analysis results heavily
depend on the quality of the data. All in all, using the methodology developed in this thesis, the objectives
laid out in Chapter [I.T|can be fulfilled to varying degrees.

8.2 Outlook

In this thesis a wide range of different methods is used. Consequently, a plethora of assumptions and
simplifications are made during the development of the model to ensure it fits the scope of this work.
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In the following, a set of limitations of the presented method that can be addressed in future work are
discussed.

8.2.1 Quality of Datasets

As briefly mentioned in Chapter the datasets used in this work differ in terms of quality. Since
the quality of the results directly correlates with the quality of the input data, considerations should be
made regarding the 2022 German census (not yet published at the time of writing this work) and the 3D
city model of Hamburg in LoD3 (which does not yet cover the entire region of Hamburg) [[112], [[113]],
[118]

8.2.2 Economical Aspects

As this work aims to only analyze the effects of heat pumps and PV on the finished state, the economic
viability of the chosen technologies is neglected. In reality, the adoption of a technology is highly
dependent on the economic viability of such solution.

8.2.3 Sizing Method

Within this work, both battery storage and thermal storage systems are sized using a generalized method
(Chapter [5.5). However, from Chapter a trend of oversizing for both of these storage systems can
be observed. In future work, other sizing methods, such as VDI 4657 Part 3 and VDI 4645, should be
considered. Since these methods may result in smaller storage sizes, reducing their potential to reduce
peak loads, it is important to further investigate the effects they can have on the electricity grid.

8.2.4 PV Generation Model

Within this work, the methodology used to calculate the PV generation time series is described in Chapter
[5.4). Due to the emergence of LoD3 datasets for Hamburg, the model used in this thesis can be be
further enhanced. Compared to LoD2, the LoD3 data set provides a significant improvement, offering
information regarding roof constructions, such as dormers and chimneys, as well as roof textures [[118].

8.2.5 Consideration of Commercial and Industrial Load Profile

The electrical grid consists not only of residential loads, but also of commercial and industrial loads. As
this work only consider residential buildings, the analysis shown in this thesis provides an incomplete
picture of the electricity grid. While PV generation in residential sector may cause a challenge due to its
seasonal variation, this problem may prove to be insignificant when electricity demands from commercial
and industrial sources are taken into account.
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8.2.6 Consideration of Other Heating Technologies

For regions without a connection to district heating, the heating technologies within this work are limited
to air source heat pump and electrical heater, narrowing down the scope of this work. To ensure the
best suitable option is used, other CO,-friendly heating technologies, such as hybrid or solar thermal
collector, should be considered in future work.

8.2.7 Power Flow Analysis

Within this work, possibility of grid congestion is approximated using both the FLH and ratio between
the peak electricity demands. Assuming the availability of required data sets of grid infrastructures,
power flow analysis should be done to correctly assess the risks of grid congestion caused by widespread
decentralized PV systems and increased heat pump integration.
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Appendices

A.1 Digital Appendices

The following additional content can be found on the accompanying storage medium:

MA Package.zip This zip data contains the codes developed in this work, structured as a Python
package. It can be installed as a standalone library.

configuration.yml This file contains a nested dictionary with the configuration settings to be used
during the calculation. The settings also include connection parameters for the database connections.
This file is intended to be used in conjunction with the developed Python package.

datasets.yml This file contains a nested dictionary with the configuration settings for a portion of the
required datasets. It is intended to be used in conjunction with the developed Python package.

TABULA _HH _2023.xIsx This file contains the specific heat consumption for different building archetypes
(Table calculated using the TABULA reference method and climate parameters shown in Table
5.6

1000A-3016.csv This file contains the required household information from the 2011 German Cen-
sus for Hamburg (NUTS-1). Currently, this data set cannot be automatically downloaded from the census
database.

Workflow.ipynb In this file, the sequence of functions used for the developed methodology is pro-
vided. It is intended to be used in conjunction with the developed Python package. Additionally, within
the file, further information regarding external datasets used in this work is provided. To use this file,
either JupyterLab or Jupyter Notebook is required.

Results.zip This zip data contains the raw data required to generate the figures shown in Chapter[7}
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