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Abstract

In this paper we discuss simulation results from a model developed to analyze the impact of household heat pumps (HP)
and photovoltaics (PV) on the electricity distribution grid in Hamburg. Initially, the paper presents estimates of the future
heat and electricity demand and PV-generated electricity, for residential buildings in Hamburg referring to existing studies
and tools. Using a Linear Programming (LP) model, optimized electricity flows are calculated for the application of
thermal and/or battery storage alongside the PV and HP installations in order to reduce the peak electricity loads for each
individual building. To evaluate the results and the possible impacts on the electricity distribution grid, the results are
aggregated based on their approximate location in relation to the medium-voltage (MV) supply areas. The results indicate
that the effects of PV and HP on the electricity distribution grid are not evenly distributed and depend highly on the

availability of a district heating solution.
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1 Introduction

By 2030, greenhouse gas emissions in Hamburg are to be
reduced by 70 % compared to 1990. Hamburg is supposed
to be completely climate-neutral by 2045 [1]. Such an un-
dertaking requires the restructuring of the energy supply
system as well as a vast expansion of the application of re-
newable energies. In an urban environment such as Ham-
burg, the largest photovoltaics (PV) potentials lie on roof-
tops of residential buildings [1]. Within residential build-
ings, a significant amount of energy is used for heating pur-
poses. In the existing energy supply system, the largest part
of the heating demand is covered using fossil energy [2].
To achieve the climate protection goals, a significant shift
within the heat supply system towards a highly intercon-
nected energy system is to be expected. Due to sector cou-
pling, such a shift may result in problems within the elec-
tricity distribution grid.

2 Method

In this section, the methodology developed in this work is
briefly explained. We begin with a brief overview of the
workflow. Subsequently, the components of the workflow
are explained in greater detail.

To study possible effects of widespread integration of PV
and climate-friendly heating systems especially heat
pumps (HP) in the residential building sector on the elec-
tricity distribution grid, a Linear Programming (LP) model
was developed. This LP model considers only the physical
and technical aspects of the system, while economical per-
spectives are ignored. Due to the detached nature of the
residential heating system, outside of district heating solu-
tions, the LP model is applied to each residential building
individually. Considering the average wind generation,
slightly higher PV yields and a slightly lower heat demand,

2011 has been chosen as a representative weather year to
reflect the progression of climate change up to 2050 [3].
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Figure 1 depicts a simplified representation of the method-
ology developed in this study. The yellow rectangles sig-
nify input data sourced externally, while the blue rectan-
gles denote input data generated within this study. The gray
and green rectangles represent intermediate and final re-
sults produced within this research. The energy flow of a
building is described by its electricity, heat, and PV gener-
ation time series. Depending on the location, the heat de-
mand is met either by district heating or the building heat-
ing system. The size of the battery storage system is ap-
proximated using the capacity of the PV system. Using this
information as input, the LP model then calculates the op-
timal electricity flow for the building energy system to
minimize the peak electricity loads of each individual
building. Finally, the results are aggregated for the me-
dium-voltage (MV) supply areas which are supplied by a
110/10 kV transformer station.

Figure 1 Simplified Workflow



2.1 Heat Demand

This section describes the method used to create hourly
heat demand profiles for all the residential buildings. The
methodology begins with the calculation of the reference
area for residential buildings using building objects from
ALKIS and the IWU (Institut Wohnen und Umwelt) build-
ing archetype [4], [5]. By employing TABULA's calcula-
tion method, the annual heat consumption can be deter-
mined [6]. This method was developed as part of the Ham-
burg Heat Demand Cadastre (Wirmekataster) and the
GEWISS Project in Hamburg [7]. This methodology is
preferably chosen over other established datasets, such as
Peta5 [8], due to its spatial resolution (building-specific)
and the regional scope of the project.

The calculated annual value for the heat demand is then
disaggregated into daily values for the heat demand with
the SigLinDe function [9] using weather data from the
Hamburg Solar Potential Study [1]. Since SigLinDe deals
with gas profiles, the assumption is made that the shape of
the heat profile is identical to the gas profile, which has
been widely used in grid planning and large-scale model-
ing of the German energy system [3]. Using intraday pro-
files generated as a part of the ego” research project, the
generated daily resolution can be further disaggregated into
an hourly resolution of the heat demand. A total of roughly
460,000 profiles was derived and classified depending on
the temperature class and building type [3]. Using this
combination method, time series comprising of high spatial
and high temporal resolution could be generated while
maintaining a fully regional scope.

2.2 Electricity Demand

This section describes the methodology used to create elec-
trical load profiles for all residential buildings in Hamburg,
inspired by the ego” project [3]. Instead of relying on stand-
ard load profiles (SLP), household-specific load profiles
were derived. As part of the ego” project, two sets of load
profiles (2,511 and 100,000) categorized into 12 distinct
household types, have been published. Employing these
profiles instead of SLP we intended to overcome the inher-
ent lack of variance and outdated measurements (from the
1980s) associated with SLPs.

To reduce computational time, this work utilizes the set of
2,511 profiles rather than the 100,000 generated profiles.
To apply these load profiles, census dataset of 2011 is used.
Due to different definitions of household types between the
load profiles and the census, it is necessary to process and
reorganize the census data set to ensure compatibility with
the demand profiles. For this purpose, the methodology de-
veloped in ego”is implemented to assign specific load pro-
files to each census cell depending on its household types
[3].

Due to the mismatch between census and ALKIS in terms
of publication date, namely 2011 and 2023, respectively,
disaggregation of load profiles from census cells to ALKIS
building would lead to residential buildings that have been

inhabited or had been built after the year 2011 being ex-
cluded. As this primarily affects newer city districts, the
effects are disproportionately distributed within the region.

In an effort to mitigate this problem, city district
(Stadtteile) specific load profiles are generated. First, using
ALKIS each census cell is assigned to a specific city dis-
trict. Using the load profiles assigned to the cells, the an-
nual electricity demand is calculated for the districts. For
each city district, a scaling factor is introduced to ensure
that the calculated annual electricity demand matches the
annual demand, which is approximated using statistics of
household structure in Hamburg [10] and the average elec-
tricity demand based on household size [11]. Using this
methodology, a total of roughly 100 city district-specific
load profiles is generated. The scaled profiles are finally
allocated to each residential building based on its assumed
reference area (living space).

2.3 PV Generation

The estimation of PV generation profiles begins with the
estimation of the available roof area for all residential
buildings in Hamburg using ALKIS and the 3D LoD?2 da-
taset for the city, both of which are periodically updated
and published under an open data license [12]. These da-
tasets allow for the classification of each roof area based
on its characteristics, including tilt angle, orientation, and
surface area. These characteristics are subsequently used to
assess the feasibility of PV installation based on a set of
criteria.

The first criterion involves the gross roof area available on
any respective building. Buildings with less than 50 m? of
gross roof area are assumed to lack PV capacity. Due to the
possibility of a building to have multiple roof sections, an-
other criterion is introduced to examine the suitability of
every section of the roof surface. For buildings with more
than 50 m? gross roof area, flat roof sections smaller than
20 m? and tilted roof sections smaller than 10 m? are
deemed unsuitable for PV. These simplified assumptions
are based on the obligation to install PV systems in Ham-
burg since 2023 [13].

To ensure the economic and energetic viability of the as-
sumed PV installation, a constraint regarding the minimum
irradiation level is implemented. Long-term averages
(2001-2020) generated in the solar potential study con-
ducted in Hamburg are utilized for this purpose [1]. In this
work, the minimal annual yield is set to 80 % of the optimal
configuration, providing a buffer compared to the legal re-
quirement [13]. Figure 2 illustrates the long-term average
annual PV solar yield depending on tilt angle and azimuth.

To model the PV potential, a methodology developed in
the solar potential study is implemented, which resulted in
the following assumptions. A surface utilization factor of
80 % is applied to flat roofs, while 60 % is set for tilted
roofs. Furthermore, PV modules on flat roofs are modeled
with a 15° inclination and an east/west orientation [1]. The
amount of PV installed on each roof surface is determined
using a power density of 200 W/m? [1]. To model the



losses, a performance ratio of 80 % is uniformly imple-
mented for each time step [1]
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Figure 2 Long-term average annual PV yield. 0° azi-
muth represents north [1]

2.4 Building Energy System

Within this work, a number of assumptions are utilized to
model the individual building energy systems, which can
be categorized into two sectors: electricity and heat. Re-
garding electricity, it is assumed that the building is con-
nected to the electricity grid. Depending on the availability
of district heating networks for the respective building ob-
jects, different assumptions are made concerning the heat-
ing system. If district heating is available, it is assumed that
the building's heat demand can be entirely met by district
heating at all times. Otherwise, the heat demand is met us-
ing its own heating system. Figure 3 illustrates a simplified
representation of the building energy system utilized in this
work.
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Figure 3 Building energy system. Taken from [14]

2.4.1 Battery Storage System

In this work, a fixed ratio of 1.5 kWp/kWh between the
installed PV power in kW and the battery capacity in kWh
is utilized to estimate the battery capacity [15]. Despite re-
cent improvements in battery storage systems, it is im-
portant not to overlook the losses inherent in such systems.
Depending on the possible energy conversion paths, differ-
ent efficiency values are used [16]. Furthermore, a daily
self-discharge rate of 0.17 % is assumed [17]. Table 1 pro-
vides an overview of the assumed battery losses. Within
this work, a maximum C-Rate of 1C for both charge and
discharge is assumed. Additionally, the battery storage sys-
tem is allowed to be charged from both the grid and PV.

Table 1 Battery efficiency and losses [16, 17]

Loss Type Value Source
PV to Battery 95.8% [16]
PV to Grid 96.2 % [16]
Battery to Grid 95.5% [16]
Grid to Battery 95.3% [16]
Daily self discharge 0.17 % [17]

2.4.2 Heating System

As the combination of a HP, electrical heater, and thermal
energy storage (TES) is employed to meet the assumed
heat demand of the building, sizing these components is
crucial for ensuring a cost-effective operation. In literature,
sizing is often achieved through technical guidelines and
standards (e.g., VDI 4645 and DIN/TS 12831) or mathe-
matical optimization. However, these options are not suit-
able for the large number of building objects considered in
this work due to the extensive efforts required for such cal-
culations. As a simplification, the SIZEP (Sizing Evalua-
tion Step) method described in [18], originally developed
for use in combination with combined heat and power
(CHP) plants, is used to estimate the capacity and power of
TES.

SIZEP relies solely on time-series data (historical heat
load) to approximate the capacity of thermal energy stor-
age independently of the heat source. For this approxima-
tion, two descriptive parameters are derived out of the
time-series, namely: RHV (relative hourly variation) and
DAHYV (daily accumulated heat volume). These calcula-
tions require the calculation of annual average heat load
(Ly), daily average heat load (L), hourly average heat load
(Ly). The equations are shown below.

Ly —L
v = Ll 00 €))
L,
24 1L, — L
DAHV:M (2)

Using the first parameter RHV, the variation of the heat
load in each hour of the year can be characterized to pro-
vide an approximation of the power required for thermal
energy storage to eliminate the hourly load variation during
a day [18]. This value is then multiplied by the annual av-
erage heat load to determine the heating load of the heat
pump. The calculation assumes that the thermal power of
the thermal energy storage is equal to the heating load of
the heat pump. The second parameter, DAHV, provides an
approximation of the necessary thermal storage capacity to
ensure the continuous operation of the CHP plant over 24
consecutive hours throughout the entire year [18]. To con-
sider outliers, the 99th percentile is used for RHV and
DAHYV instead of their maximum values.

Within this work, heat pumps are modeled using a coeffi-
cient of performance (COP) that varies with temperature,
as the COP of a heat pump depends highly on the temper-
ature of its heat source. To model this temperature depend-
ency, the formula provided in [19] for air-source heat
pumps is utilized. Since this work exclusively focuses on



air-source heat pumps, ambient temperature data from the
solar potential study conducted in Hamburg is used as the
heat source temperature (Ts,). The sink temperature (Tg;)
in this study is assumed to be 50°C [20].

AT =Tg — Ty, (3)

COP = 6.81 — 0.121 - AT + 0.00063 - AT? 4

In the context of this work, electrical heaters serve as an
additional heat source and are assumed to operate with
100 % efficiency. Given that the primary purpose of these
electrical heaters is to provide heating support, their size is
left as a decision variable in the optimization model.
Similar to battery storage systems, the consideration of
losses within the TES is simplified using a set of constant
values. A 90 % efficiency for both charge and discharge,
along with a daily self-discharge rate of 0.5 %, is imple-
mented [17]. Furthermore, TES can be charged using both
electrical heater and heat pump.

2.5 District Heating Areas

As previously mentioned, the assumed heating system of a
building depends on the availability of district heating. In
this study, the district heating dataset was generated as part
of a study to examine whether and how climate-neutral
housing can be achieved in Hamburg by 2045 [21]. Fig-
ure 4 provides an overview of the district heating dataset
used in this work.
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Figure 4 District heating areas [21], [22]

Since this study aims to analyze the heating structure of
residential buildings in Hamburg in their final carbon-neu-
tral state, carbon-neutral district heating is assumed to also
be available for both district heating expansion and decen-
tralized heating network areas. By combining the district
heating dataset with the approximate building locations
based on ALKIS, the heating system of each building can
be determined.

2.6 Medium-Voltage Supply Area

To analyze the impact of residential heat pumps and PV on
the electrical distribution grid in Hamburg, georeferenced
grid datasets are required. Efforts have been made in the
literature to generate synthetic MV supply areas in Ger-
many using open data [23]. However, due to the nation-
wide scope of such projects, the accuracy of the results may
be insufficient to accurately model a specific region such
as Hamburg. In this work, the MV supply area for Ham-
burg is approximated based on scalable vector graphics

(SVG) available on the website of Stromnetz Hamburg. As
this graphic is no longer publicly accessible, an archived
version from June 2022 is utilized [24].
Due to the characteristics of SVG graphics, a georeferenc-
ing process is required before this graphic can be used.
Georeferencing is achieved using administrative borders
from ALKIS as control points. Due to the quality of the
SVG graphic and the manual selection of the control
points, inaccuracies within individual areas of the MV sup-
ply area are to be expected. These supply areas represent
the supply areas of 110/10 kV transformer stations in Ham-
burg. The resulting georeferenced MV supply area is
shown in Figure 5.
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\
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Within this work, the supply area of Altenwerder and
Hausbruch are assumed to have no residential buildings, as
both zones are comprised almost exclusively of port and
industrial areas.

2.7 Optimization Model

Following the aim of this work, the LP model implemented
in this work is designed to optimize the energy flow of the
building from the point of view of the distribution system
operator (DSO). This results in the optimization of the peak
electricity taken from and fed into the grid, while ensuring
the heat demand of the building is met at all times. In the
following, the assumptions and equations used for this
model are explained briefly.

The overall heat balance (W) of the building is defined
by equation 5. The heat demand is met using the combina-
tion of an electrical heater (W), a heat pump (Wp,,) and
energy discharged from TES (Wrgs 4), while considering
the discharge efficiency of the TES (n1gs)-

Wi [t] = Whp[t] + Wern [t] + Wrgsa - 7es (5
The energy stored at the start of the time step (Wrgs) is
calculated using equation 6, with Wrgs . representing the
amount of energy charged and Wrgs 4 the amount of en-
ergy discharged from the storage system. As this work as-
sumes a constant daily self-discharge rate (o7zs) regardless
of the boundary condition, this value is divided by 24 to
calculate the hourly self-discharge rate. Furthermore, it is
assumed that initially (¢ = 0), no amount of thermal energy
is stored in the storage system.

Wrgs[t — 1] +
Wargsltl = Wrgselt — 1] — (6)
Wrgsalt — 1]



Wrgs[tl = (Wargs[t]) - (1 - %) @)

To simplify the charge and discharge process, the assump-
tion is made that the amount of energy available for charg-
ing and discharging is limited by the heat amount stored at
the beginning of the time step. Furthermore, the simplifi-
cation that thermal storage can be charged and discharged
simultaneously is used.

Wrgse[t] < (WTES,max — Wrgs [t]) (®)

Wresaltl < Wrgslt] 9

The amount of heat added to thermal energy storage de-
pends on the heat added from the heat pump (W}, ) and
the electrical heater (W, (), taking into account losses
(mrEs)- The corresponding electrical energy required for
this process depends on the electricity sourced from the
battery storage (Wgar ares), PV (Wpy rgs), or the electric-
ity grid (Wy,iqres). The electricity demand of the heat
pump corresponds to its COP.

Wrgsc[t] = (Whp,c[t] + Werne [t])  Nrs (10)
W, .[t] Wgarareslt] - Neat2ac +
P,
w. t]= W, t] - + 11
COP[t] + Wen,c [t] pv.rEs[t] - Mpvaac 11

WerigTes[t]

To ensure that the total heat produced by the heat pump
does not exceed its maximum capacity, the following equa-
tion is introduced.

Whp [t] + Whp,c [t] < Whp,max (12)

Similar to the assumptions used for TES, the battery is as-
sumed to be empty at the start. The amount of electrical
energy available in the battery (Wg,1) at a particular time
step depends on the stored energy and the energy flow of
the battery (Wgar, and Wgar 4) from the previous time
step. The battery storage also considers a constant self-dis-
charge rate (og4r). Simplifications regarding charging and
discharging are also implemented, as for the TES.

Wgar[t — 1] +
Whparltl = Waar[t —1] — (13)
Wgaralt — 1]
Wosrld = WaparleD - (1-755) (1)
WBAT,C[t] < (WBAT,max - WBAT[t]) (15)
Wgaraltl < Wgarlt] (16)

Since no limitations are placed on the source of electricity
to charge the battery, both PV (Wpy par), and electricity
from the grid (Wyriqpar), can be utilized. Assumptions
from Table 1 are used for each of the energy paths.

a7

Depending on its usage, the amount of electricity dis-
charged from the battery is split into two parts.

Wgaraltl = Wearagrialt] + Wgarareslt] (18)
Within this work, no distinction is made between electric-

ity used for demands in the building and for grid feed-in,
as from the point of view of the DSO, both possibilities

W [t] = Wpy gatlt] - Mpy2par +
BaT.c Weria,par [t] - Maczpar

reduce the electricity taken from the grid. These assump-
tions result in the following equation for PV generation.
Whpy parlt] +
Whpy reslt] +
WPV.arid [t]
In regards to the total electricity demand (W, ¢), the differ-
ence between the electricity required from and fed into the
grid is calculated. This results in the following equation.

Wei buitang [t] +
Whp [t]
COP[t]
Wgrid,BAT [t] + Wgrid,TES [t] -
Wgar a,grialt] - Nparzac —

Weylt] = (19)

+ Wen[t] +

Were[t] = (20)

Wey grialt] - Npvaac

However, the chosen optimization model can lead to an un-
realistically high total electricity demand. This occurs be-
cause the optimization model used does not consider the
economic aspect of the energy system, treating electricity
from the grid as free of charge. To mitigate this problem,
an annual limit (Wy ;) is set for Wy, ¢. Wy ;i represents
the total electricity demand for the building, assuming that
the heat demand is met using only the heat pump and elec-
trical heater without storage options and PV installation.
This results in the following equation.

e2))

Z Wel,t < Wel,lim

VtEeT
To prevent this LP model from becoming a multi-objective
optimization model, the total electricity demand is split
into its positive (W, +) and negative (W,; _) components
due to the presence of PV. The objective function (Z) can
then be formulated using (22) to minimize the sum of the
highest positive component and the highest absolute value
of the negative component.

Z= minimize( max(Wel,Jr) + max(|Wel__|) ) (22)

3  Plausibility Test

To assess the extent of errors made using the presented
methods, plausibility tests are conducted. However, due to
the lack of available data, these tests can only be performed
for a limited number of generated datasets and using pub-
licly available datasets for comparison.

3.1 Reference Area

As both the estimation of electricity and heat demand de-
pends on the estimation of the buildings estimated living
area, the reference area provides a first estimation, whether
the methods presented is plausible. The test is based on
methods described in [7], using data from the Hamburg sta-
tistics office, which contains average residential living
space per city district [10]. By employing a linear regres-
sion fitting, a good fit is achieved (y = 0.987x and 12 =
0.974). Overall, the estimated residential living area shows
an overestimation of 0.2 % compared to the statistically
available living area. Despite the good correlation between
the aggregated values, significant deviations will occur at



the individual building level, due to the aggregated nature
of the available datasets.

3.2 Annual Heat Demand

A plausibility test for the annual heat demand is done using
a similar aggregated approach with a focus on the overall
heating demand for the whole region of Hamburg. Using
methods described in [8], reference values for comparison
have been calculated using the available statistics from
Hamburg statistics office and AGEB, deriving the total
heat demand for Hamburg [10], [25]. To ensure that the
calculated values from statistics are comparable with the
methodology used in this work, weather correction using
degree days is used [7]. The annual heat demand from the
heat demand model is finally compared to the calculated
average annual demand for years 2019-2021 from the sta-
tistics [7], [10], [25]. From the results in Table 3, the model
used in this work is plausible. It is nonetheless important to
note that the values calculated from the energy statistics
provide only an aggregated approximation and should
therefore be approached with care.

Table 3 Comparison of estimated annual heat demand
and energy statistics.

Source Total Heat Demand [GWh/a]
Three Year Average of HH 10,253
Heat Demand Model 10,274

3.3 Annual Electricity Demand

As no publicly available data set for the annual electricity
demand of the residential sector is available, this value
needs to be estimated using available statistics. For this rea-
son, the methodology used to estimate the annual heat de-
mand is transferred to the electricity sector [7], [10], [25].
The result of this comparison is shown in Table 4. The
model used in this work overestimates the electricity de-
mand by roughly 5.6 % and is deemed acceptable for the
scope of this work.

Table 4 Comparison of estimated annual electricity
demand and energy statistics.

Source Total Electricity Demand
[GWh/a]

Three Year Average of HH 2,611

Electricity Demand Model 2,757

3.4 Hourly Heat Load Profile

The assessment of the hourly heat demand time series pre-
sented in this work is conducted by comparing its hourly
values to the Standard Load Profile (SLP) for gas at the
NUTS-1 level, which has often been used as a proxy for
heat demand profiles [3], [26]. To ensure comparability
with the calculated load profile, the SLP is scaled to the
same annual demand as the calculated profile. Table 5
shows that both profiles are relatively similar, with the
main differences observed in their peak values.

Table 5 Statistical overview of the SLP gas [26] and
heat demand model.

SLP [MWh/h] Model [MWh/h]
Median 971 983
Min 21 12
Max 4,401 3,358
Standard Deviation 835 842

3.5 Hourly Electricity Load Profile

To assess the plausibility of the generated hourly electricity
time series, a comparison is made with the Standard Load
Profile (SLP) [27]. Due to the lack of measurement data,
this comparison is made at the NUTS-1 level. Table 6 pro-
vides a statistical overview of both profiles. From this ta-
ble, it is observed that the electricity demand model gener-
ates higher peak values with higher standard deviations.

Table 6 Statistical overview of the SLP [27] and
electricity demand model.

SLP [MWh/h] Model [MWh/h]
Median 329 297
Min 102 55
Max 732 956
Standard Deviation 134 211

Comparison of both profiles furthermore shows, that while
the peaks in demand align in time, a considerable differ-
ence in magnitude can be observed. Considering that the
Standard Load Profiles (SLP) are based on measurements
made in the 1980s and 1990s, the difference in peak values
also aligns with the technological development (e.g., lower
stand-by consumption) of household appliances since the
development of the profiles [3], [27]. Taking these factors
into account, this deviation is deemed acceptable.

4 Results

To study the potential effects of the implemented technol-
ogies on the electricity distribution grid, the optimization
results are aggregated at the MV level based on their loca-
tion. To interpret the results, full load hours (FLH) are cal-
culated by dividing the sum of the annual absolute electric-
ity demand by the peak absolute electricity demand. Low
FLH correspond to a relatively volatile electricity demand
profile with high peak values, while high FLH refer to a
relatively even electricity profile. Figure 8 shows the result
of this assessment, indicating that high FLH values are
mostly located outside of the city center. Within this work,
the difference between residential buildings located within
and outside of the city center mainly is related to their heat-
ing system.

Buildings closer to the city center are connected to the dis-
trict heating grid more often. In this study they are
equipped with PV and battery storage. Buildings outside
are equipped with heat pumps (in most cases), thermal stor-
age, battery storage, and PV.
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Figure 8 FLH on MV supply area [22]
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By overlapping the MV supply areas and district heating
areas in Figure 9, a correlation between supply areas and
low FLH can be found. Figure 9 illustrates that low FLH
values are mainly located in areas where a high degree of
district heating connection is expected, which within this
work is translated to the absence of a heat pump, electrical
heater, and thermal energy storage in these areas.
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Figure 9 Overlap MV supply areas and district heating
areas [21,22]

To further illustrate effects caused by the different heating
system, a four-story multi-family residential building lo-
cated in the city district Schnelsen is used as an example.
Using the method described in Section 2.3 and 2.4.1, suffi-
cient roof surface is available for PV usage with battery
storage system. For illustration purposes, the optimization
model for this building is implemented twice using differ-
ent heating system assumptions, namely district heating
network in the first (green) and a building heating system
with a heat pump and thermal storage in the second (red)
case. The result of this optimization is shown in Figure 10.
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Figure 10 Hourly electricity demand depending on the
heating system
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When the heat is supplied by district heating (green), it can
be seen that, even with the optimized use of battery storage,
the peak generation in summer (negative demand values

representing generation) is significantly higher (up to appr.
150 kW) than the peak demand in winter (appr. 40 kW).
For the combination of HP, TES, and electrical heater
(red), it can be clearly seen that the peak demand in winter
(appr.115 kW) and the peak generation in summer (appr.
100 kW) are closer in their absolute value.

To evaluate the proportion of the residual feed-in provided
by PV generation, the ratio between the peak demand and
peak generation is calculated. With a ratio of 1.17 for an
HP based heating system compared to 0.26 for a district
heating based system, the potential of sector coupling to
mitigate the seasonal volatility of PV generation is further
emphasized.

5 Conclusion

From Figures 8, 9, and 10, it is evident that maintaining the
stability of the electricity grid requires a significant degree
of flexibility and storage to mitigate short-term fluctuations
in both energy consumption and generation. Furthermore,
it can be seen, that the detrimental effects of PV generation
cannot be evenly prevented. The widespread deployment
of rooftop PV systems might present challenges, character-
ized by highly volatile and a seasonal bidirectional electric-
ity flows especially in areas with little sector coupling
and/or without thermal and battery storage means.
Moreover, the combination of district heating and high PV
penetration in residential areas poses potential challenges,
as the beneficial coupling between the electricity and heat
sectors may be reduced, leading to increased seasonal vol-
atility of PV generation in these areas. Compared to the city
center, the flexibility offered by HP, TES, and electrical
heater on the outskirts of the city provides an opportunity
to integrate PV generation without placing a disproportion-
ate burden on the electricity grid during the summer.
Given the scope of this work, the model used here is sim-
plified, focusing primarily on technical aspects. However,
future research should consider integrating economic con-
siderations and conducting a comprehensive analysis of
other sectors to provide a more accurate assessment of the
impacts of these technologies on the electricity grid.
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