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Electrifying residential heat supply with rooftop photovoltaics (PV) and air-source heat pumps is essential
for decarbonizing the German building stock. The potential of these technologies depends on factors such as
building properties, rooftop area, weather, and resident behavior. Using a building database and statistical

Il:ea;tpm;s data, we analyzed how much of the residential heat demand in Germany could be independently met by
S;cf)-szgiciency homeowners using PV, heat pumps, batteries, and thermal energy storage. Our energy system model, based
Germany on detailed bottom-up building simulations, indicates that 35.2 % of the average annual heat demand can

be covered by on-site supply. Grid savings are most significant in well-refurbished single-family and terraced
houses, reaching 35 % annually. During cold periods, these houses achieve grid savings of 52%-70%, while
in warm periods, they feed 155%-317% surplus electricity back into the grid. Understanding the electricity
consumption and grid contributions of solar-assisted heat pumps is critical for accurate grid load forecasting
and planning local grid expansions. This knowledge also supports homeowners and policymakers in evaluating
the advantages and limitations of these systems, informing subsidy programs and regional energy strategies.

1. Introduction

Residential buildings accounted for 27% of the final energy con-
sumption and 11% of the total greenhouse gas emissions in the Euro-
pean Union in 2021 [1,2]. The biggest share of the residential consump-
tion results from space heating. In Germany, for instance, 65.9% of the
residential energy consumption was used for space heating, followed by
household uses (lighting, electrical appliances, cooking, and other uses,
17.1%), water heating (16.7%), and space cooling (0.2%) [1]. Space
heating in Germany still mostly relies on natural gas (50.8%), and the
share of renewables, biofuels, and electricity is at 21.2%, clearly below
the average compared to other EU countries [1]. Improving buildings’
energy efficiencies and electrifying the residential heat demand by
using heat pumps are key factors in reducing energy use and GHG
emissions in buildings, as emphasized in the European Green Deal,
Renovation Wave Initiative, and the EU’s recovery plan [3]. The com-
bination of heat pumps with rooftop PV, as well as thermal and electric
storage, is a promising energy system for residential buildings, as a high
portion of the heat demand can be covered on-site, reducing grid loads

and costs as demonstrated both in theoretical and practical studies [4—
14]. By 2030, the German government plans to install 6 million heat
pumps, and by 2029, the European Solar Rooftop Initiative aims to
make rooftop PV on new residential buildings mandatory [15,16].

The factors influencing electricity consumption and thus the effi-
ciency of the energy system are diverse and depend on various elements
such as building properties, rooftop properties, sizing, operating mode
and control, residents’ behavior, heat distribution, and weather [4,15,
171.

The questions we address as part of this study are: (a) how much
of the German residential heat demand could be covered on-site if
each building used its full rooftop PV potential, considering realistic
conditions of the building stock and different influencing factors, and
(b) how do heat pump systems combined with rooftop PV impact
German grid loads.

Most of the studies in the literature use building simulation tools
such as TRNSYS, Modelica, or energy system optimization models [4—
11,17-23]. Some of these studies investigate residential energy perfor-
mance for larger building datasets, considering variations in building
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properties and occupant behavior [17-23]. For the case of Germany,
most of the investigations are conducted for only one or a few in-
dividual buildings and they lack a realistic large-scale building stock
representation. Literature so far might explain the advantages and feasi-
bility of combined heat pump and PV systems but little is known about
the actual energy performance in the German building stock taking
real conditions into account. Here, we propose a method to investigate
energy load profiles of a building dataset representing the German
building stock combined with an energy system model based on a
detailed bottom-up building simulation tool (ETHOS.HiSim, [24]). Our
scenario analysis depicts flexible processes and dynamic interactions
between the different energy system and building components for each
house with a high level of detail to approach real conditions and system
behavior.

We evaluate the total electricity consumption and see how much the
power grid dependency can be decreased by making each building use
100% of their rooftop PV potential. We investigate how much of the
heat demand can be covered on-site and what factors have the highest
impact on overall energy efficiency. In Section 2, we provide insights
into the developed and used methods. In Section 3, we show our key
results, which are then discussed and summarized in Sections 4 and 5.

2. Methods

In this study, we aim to investigate how much of the German
residential heat demand can be covered on-site by using combined heat
pump and rooftop PV systems. For this purpose, we develop an energy
demand analysis of a representative German building stock based on a
building database and statistical data. For space and water heating, the
houses use air-water heat pumps and thermal energy storages (TES).!
We investigate the overall energy demand and grid dependencies by
comparing two scenarios: scenario (a) where zero PV is used and
electricity demand for heating and household appliances is covered
100% from the grid versus scenario (b) where each building uses its
full rooftop PV potential in combination with a battery storage and
an energy management system for optimal self-consumption. With the
building simulation tool ETHOS.HiSim [24], we generate an energy
system model and simulate energy load profiles for each building in
a 1-year simulation of 1-min time resolution.

2.1. Generation of household and building dataset

The German building stock contains 19.5 million residential build-
ings [25]. As we cannot simulate such a high number of buildings
(the simulation of one house takes 4 min and with our resources only
100 houses can be calculated in parallel), we generate a representative
distribution of the German building stock based on 10,000 different
building and 22,176 household configurations. These configurations
are used later for the ETHOS.HiSim simulation. The residential build-
ings are taken from the building database ETHOS.BUILDA v.1.0.0 [26]
containing information about Tabula building code describing building
type, construction year class and refurbishment state, the heated floor
area, norm heating load, postal code, and the rooftop PV capacity.
Subsequently, we randomly assign the rooftop PV tilt and azimuth
values based on data from Risch et al. [27], and distribute households
based on statistical data from the census [28]. These samples are
referred to as our building dataset.

1 TES: thermal energy storage.
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Fig. 2.1. Shares of building types in our building dataset compared to Tabula reference
values.

2.1.1. German residential building properties

As described in Dabrock et al. [29], the foundation of building data
in ETHOS.BUILDA comes from official 3-D building datasets and Open-
StreetMap data. These datasets provide basic information on the loca-
tion and footprint of buildings. Some additional information, e.g., on
the usage type of a building and the height, is available in the 3-D
building data, and occasionally also in the OpenStreetMap data. In
ETHOS.BUILDA, the basic building data is enriched with additional
datasets, and machine learning is applied to impute missing data.

Building codes

One of the most important building attributes for this study is the
Tabula type which provides standardized information about energy-
related parameters and building construction data [30]. Studies have
used and validated this model and confirmed it as useful instrument to
assess the energy performance of existing building stocks [31-34]. Still,
the accuracy of this model depends much on the availability of statisti-
cal building stock data and on how Tabula building codes are assigned
to individual buildings [34,35]. In this study ETHOS.BUILDA assigns
the Tabula type based on a separate assignment of size class, construc-
tion year, and refurbishment states, which then allows the derivation of
Tabula building codes [29]. As none of the three attributes is available
on a building level, ETHOS.BUILDA used a machine learning approach.
Labeling of training samples was based primarily on the German census
of 2011 [28], and a range of building and neighborhood morphological
characteristics combined with socioeconomic data served as features for
training a machine learning model. As discussed in Dabrock et al. [29],
a slight overrepresentation of the majority classes of both size class and
construction year can be observed. For size classes, this is apparent in
the comparison between our dataset and the Tabula reference values
(see Fig. 2.1), which shows that our dataset contains 22% more single-
family houses (SFH)? and 20% fewer terraced houses (TH)? than the
reference data from the Tabula statistics (see Fig. A.1, [36,37]). The
shares of multi-family houses (MFH)* and apartment blocks (AB)® in
our dataset are relatively accurate with only 2% and 0.7% deviation
from the reference values.

Similarly, common construction year classes such as generation 04,
05 and 06, as represented in Fig. A.1, occur more frequently, leading
to a larger number of SFHs of these generations in our dataset than
in the reference dataset. Deviations in the shares of the construction
year classes are expected not to have a high impact on the energy
performance, though, as the energy consumption depends more on
individual conditions such as energy system and efficiency [29,38].

2 SFH: single-family house.
3 TH: terraced house.

4 MFH: multi-family house.
5 AB: apartment block.
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Fig. 2.2. Heated floor area [m?] in our building dataset. (a) Distribution of heated floor areas [m?] in our building dataset sorted according to building types. (b) heated floor
area [m?] compared to the Tabula reference mean values [37] for SFH and TH. (c) heated floor area [m?] compared to the Tabula reference mean values for MFH and AB. The

x represents the mean value. Outliers are removed.

Heated floor area

The calculation of the conditioned living area in ETHOS.BUILDA is
described in Dabrock et al. [29]. The distribution of the heated floor
areas (see Fig. 2.2a) in our dataset shows that the range of MFHs is
much wider and extends to higher areas than that of SFHs and THs.
This is expected, as SFHs and THs are buildings with 1-2 apartments
and MFHs cover a much wider range of 3-12 apartments. ABs are
hardly visible in this figure as their share is only 0.3% in the building
stock. As shown in Fig. 2.2b and c, there is a high agreement between
our dataset and the reference dataset for THs and MFHs. The average
heated floor areas for THs and MFHs in our dataset are 134 m” and
504 m?, respectively. The reference areas for these types are 140 m?
and 430 m2. For SFHs and ABs, our average heated floor areas (190
m? and 2419 m?) are higher than the reference areas (161 m? for SFH
and 1445 m? for AB). This might be due to the observation that the
OpenStreetMap input data occasionally contains building entries that
in reality are likely multiple buildings, e.g., a block of ABs or a row of
THs mistakenly recorded as one large building.

2.1.2. Rooftop PV capacity potential and orientation

In this study, we only investigate rooftop PV for residential build-
ings. Facade PV is neglected due to its higher costs and lower effi-
ciency [39-42]. External solar farms are not taken into account and

solar energy is produced on-site to avoid the need of transportation
and the strain on electricity grid capacity. Rooftop PV capacities were
assigned to all buildings in ETHOS.BUILDA by spatially joining the per-
roof results from Risch et al. [27] with the building footprint polygons
and summing up the capacity values to derive one capacity value
per building. The distribution of capacities in our dataset is shown in
Fig. 2.3a. The average rooftop PV capacity is 15.5 kW.

The distributions for the rooftop azimuth and tilt angles are aligned
with the rooftop PV potential data from Risch et al. [27] (see Fig. 2.3b
and c). The rooftop azimuth angles are distributed symmetrically with
the highest counts in the South and North directions, followed by
East and West directions (see Fig. 2.3b). The mean azimuth angle is
183° (South). The rooftop tilt angles are limited between 10° and 90°.
According to Risch et al. [27], roofs with tilt angles lower than 10°
were assumed to be flat. Risch states that PV modules on flat roofs were
placed at an optimal tilt angle in the South direction, similar to Ryberg’s
work [43]. Here, the most represented roof tilt angles are 45° and
10° (see Fig. 2.3c). In our dataset, lower tilt angles (<20°) are slightly
overrepresented and higher angles (>40°) are slightly underrepresented
compared to the reference values from Risch et al. The German mean
tilt angle is 32°, which is very close to the mean tilt value of 31.6°
found in Killinger et al. [44]. Two shares of maximum PV rooftop
potential (0% for no PV use and 100% for use of full PV potential)
are evaluated.
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Fig. 2.3. Rooftop PV data in our building dataset. Reference values are the results of Risch et al. [27]. (a) Shares of rooftop PV capacities in our building dataset. Outliers are
removed. (b) Shares of rooftop PV azimuth angles in our building dataset. Radii represent shares in %. (c) Shares of rooftop PV tilt angles in our building dataset.

2.1.3. Building location, weather profiles and norm heating load

Buildings in ETHOS.BUILDA were assigned postal codes by spatially
joining a postcode dataset for Germany based on the position of the
building’s centroid [45]. In Fig. 2.4a, the spatial distribution of our
building dataset is shown, sorted according to the four building types
SFH, TH, MFH and AB. We can see that SFHs are the most represented
and are distributed all over Germany in urban and rural areas. In
densely populated areas, such as the western part of Germany or cities
such as Hamburg and Berlin, the ratio of other building types such as
TH, MFH, and AB is high compared to rural areas. ABs are especially
often represented in Berlin.

Each postal code is assigned a Test Reference Year (TRY)® region
with the climate data of the DIN norm DIN/TS 12831-1 [46]. Fig. 2.4b
shows the spatial distribution of our building stock according to the 15
different TRY regions (see also Table A.2 and Fig. A.2). The TRY region
11 (Fichtelberg) is the region with the coldest climate, and region 12
(Mannheim) is the region with the warmest climate (see Fig. 2.4c).
Depending on the climate, location height, and thermal building prop-
erties, the norm heating load of each building is calculated and used
for scaling the energy system in order to meet the individual heating
demands. According to the DIN norm DIN/TS 12831-1 [46], the heating
reference temperature of each building location takes into account the
location height and time constant. The final norm heating load in Watts
is obtained as:

(Dnarm = (Htran.\' + Hventi) * (Tinitial - Tref) (1)

where H,,,, and H,,,; are the heat transfer coefficients for transmis-

sion and ventilation in Watts per Kelvin, T}, is the initial temperature
of the building, and T,, is the heating reference temperature. For our

building dataset, we get the following norm heating loads (see Fig. 2.5).

6 TRY: Test Reference Year.

The norm heating load of the average building is 11 kW. ABs have
the highest heating loads and THs have the lowest.

2.1.4. Households and resident behavior

The energy demand of a building depends on the resident behav-
ior and household load profiles [17,18,23,47]. With the help of the
LoadProfileGenerator (LPG,” [48]), 64 different household types can
be generated with varying numbers of residents and various lifestyles
and routines. Each household offers specific load profiles such as water,
heat, and electricity demand, as well as internal heat gains such as
heating by residents and heating by devices.

To represent the German households, a Monte Carlo distribution
is made based on census data of German household types, number
of persons, and working status [28]. Based on these household types,
the corresponding LPG household models are chosen for each dwelling
in the building. When the same profile exists more than once in a
building, a unique identifier is used to slightly vary the occupant load
profiles, ensuring they diverge from each other. Fig. 2.6a and b show
the different household types and number of residents in our dataset
compared to the reference data from the census [28]. Our values are
very similar to the input data from the census with less than 1%
deviation.

The energy consumption in our residential building stock is also re-
lated to the residents’ behavior. This is why working status information
from the census is taken into account [28]. Fig. 2.6¢ shows the shares
of working residents per household in the building dataset. In most
households, all residents are unemployed (working status is 0%). This
category includes jobless persons, children, and seniors. Twenty-seven
percent of the households have a full working status (working status is
100%). On average, the working status of our household is 46%. This

7 LPG: LoadProfileGenerator.
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is slightly less than the census reference data [28], where 51.5% of the
German population is employed.

2.2. Building and load profile simulation with ETHOS. HiSim

Each of the buildings and households in our building dataset is sim-
ulated and analyzed with a bottom-up model called ETHOS.HiSim [24].

ETHOS.HiSim is a modular, open-source simulation tool that allows
dynamic all-year time step simulations of building and energy system
components with closed control loops. Similar to TRYNSYS it enables
circular dependencies between the different system components by
doing iterations inside each time step. Different households can be
constructed, including the building envelope, household with residents,

weather profiles, and various energy system combinations. The time
resolution is chosen to be one minute.

2.2.1. Building infrastructure model

Here we want to investigate how much of the annual heat demand
can be covered independently from the electricity grid in German
buildings. Therefore, we created a housing model based on an air-water
heat pump system combined with TES and investigated the effect of
adding rooftop PV (plus battery storage and energy management) on
grid consumption and self-sufficiency rates (see Fig. 2.7).

For space heating and domestic hot water the model uses two sepa-
rate air-water heat pumps in combination with a TES. The heat pump
model in ETHOS.HiSim is based on the python package hplib [49]. It
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is an open-source simulation tool that identifies efficiency parameters
from a real heat pump measurement database with a least-square
regression model and generates time series of heat pump efficiency
(COP), thermal and electrical power and mass flow. The method is
based on Schwamberger [50] and the MATLAB-toolbox CARNOT [51,
52]. As the heat distribution system, we choose floor heating, which
allows better heat pump performance [53,54]. The heat distribution
system calculates daily set flow temperatures based on a heating curve
and simulates the heat exchange between the building and the hot
water. To reduce electricity consumption from the grid, a rooftop PV
system is used in combination with battery storage and an energy man-
agement system. The PV system model is based on a python package
pvlib [55-57] which simulates electrical power with respect to the PV
system parameters and the weather input data. The battery storage
originates from a model called bslib [58] which simulates electrical
power and state of charge. If the rooftop PV electricity production
exceeds the total electricity demand of residents, electrical devices, and
heat pumps, the battery storage is charged. If the battery is charged to
100% and surplus electricity is still available, the set temperatures for
the TES are increased by 10 °C, and the set heating temperature of the
building indoor air is increased by 2 °C. In this way, surplus electricity
can be stored as thermal energy in the water tanks and the house for
flexible use.

The building envelope is modeled based on the RC simulator [59],
which uses the norm DIN EN 13790 [60] and building property data
from Tabula [61], including thermal resistances and heat transfer co-
efficients based on the building code given by the configuration. Heat
losses result from transmissions and ventilation, while heat gains come
from solar gains through windows and internal gains from residents
and electrical devices. Taking into account these parameters and the
difference between the indoor air and set temperature (20 °C), the
current heating demand is calculated according to ISO 13790.

An electricity meter tracks electricity consumption and production,
calculating how much is taken from or fed into the electricity grid.

Given that residential cooling accounts for less than 1% of European
residential energy consumption [1], space cooling is not considered in
this study.

2.2.2. Energy system sizing

Each energy system component has its size and capacity adapted to
the building properties to ensure that energy demands can be fulfilled.
The sizes of the aforementioned components are based on the maximum
thermal load of the building and the size and number of apartments (see
Table 1).

Table 1
Energy system sizing. TES — thermal energy storage, SH — space heating, DHW —
domestic hot water.

Energy system Sizing
component Variable Equation
Heat pump (SH) Thermal power Eq. (2)
TES (SH) Volume Eq. (3)
Heat pump (DHW) Power Eq. (D
TES (DHW) Volume Eq. (5)
The heat pump power is chosen equal to the heating load:
Py pthermat = @y, 2
The TES sizes are also adapted accordingly:
Dorm - Thridge
Vbu f fer = T (3)
- ( [flowmax — returnmax)
where @,,,,, denotes the heating load of the building, 7,;,,, is the

bridging time of 1 h, ¢, is the specific heat capacity of water, Ty, max
is the maximum flow temperature of the heat distribution system, and
T, opyrnmax is the maximum return temperature [62].

To achieve an optimal self-sufficiency rate, it is suggested to install
1 kWh of battery capacity per 1 kWp of rooftop PV power [63].

The domestic hot water heat pump and storage system are scaled
up with the number of apartments in the building:

Py ppaw =300 W- Npp @

Vpuw =2301- Npp 5)

2.2.3. Validation of heating demand

The average heating demand for space heating and domestic hot
water in the presented model is 21.6 MWh and 6.2 MWh, respectively,
resulting in a total heating demand of 27.8 MWh per building per year.
This theoretical absolute value closely aligns with the reference value
reported by the German DENA building statistics in 2024, which cites
an average heating demand of 27.4 MWh per residential building per
year for space and domestic hot water heating [64]. To validate the
time series data of our model, the daily average heating demand per
building was evaluated as a function of the daily average outside tem-
perature (see Fig. 2.8). The theoretical heating demand was successfully
fitted using a Sigmoid function, commonly applied in modeling and
forecasting residential gas demands [65-68].
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3. Results

The results encompass electricity consumption, grid dependencies,
and self-sufficiency rates, with a focus on self-covered heat demand
distributed over one year for German buildings utilizing different shares
of rooftop PV potential.

3.1. Impact of rooftop PV on grid consumption

Without the use of PV, the total annual electricity consumption of
an average building in our dataset is 14.9 MWh (see Fig. 3.1a and
Table A.1). The mean grid consumption for space heating is 5.0 MWh,
which accounts for 33% of the total consumption (see Fig. 3.1b). When
utilizing the full rooftop PV potential for each building, combined with
a battery storage, thermal energy storage and an energy management
system, the mean annual grid consumption of the dataset decreases by
42.9% to 8.5 MWh. The grid consumption for space heating decreases
by 35.2% to 3.2 MWh per building.

Fig. 3.1c shows the rooftop PV production per building, sorted
according to different building types. On average, full rooftop PV
systems produce 13.5 MWh of electricity per building per year. As
SFHs are the most prevalent building type, their average annual rooftop
PV production is close to the total average at 13 MWh, with a mean
PV rooftop capacity of 15 kW. THs, having relatively smaller rooftop
areas and PV capacities, supply on average 8.2 MWh of PV electricity.
MFHs, with larger rooftop areas, result in an average PV generation
of 17.8 MWh. Although ABs constitute only 0.3% of the building stock,
their rooftop PV generation is surprisingly high at 39 MWh per average
building, owing to their very large rooftop areas (£2 = 554 m?) and PV
capacities (2 = 42 kW).

On average, 36% of the PV electricity is used directly on-site for
household needs and electrical devices (residents), space heating (SH
heat pump), and domestic hot water (DHW heat pump) (see Fig. 3.2a
and Table A.1). When surplus PV electricity is available, 18% is used
for charging the battery storage. If the battery storage is full, the
energy management system increases the set temperatures of the water
storage tanks and the building’s indoor air to store surplus electricity as
thermal energy. Through this load-shifting approach, grid consumption
can be reduced by 3% and grid injection by 6% (see Fig. A.3). If
excess electricity still remains after load shifting, 46% of the solar
energy is fed into the grid. When PV production is insufficient to meet
electricity demand, the remaining energy is drawn from the grid (see
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Fig. 3.2b). The average self-sufficiency rate of the total building stock
is 52.9%, representing the percentage of energy demand met through
on-site generation. Grid consumption for different electricity consumers
decreases by 40.6% for residents, 35.2% for the SH heat pump, and
83.5% for the DHW heat pump, respectively. On average, residents
account for 55%, the SH heat pump for 32%, the DHW heat pump for
9%, and battery losses for 4% of the total electricity consumption.

3.2. Grid consumption for different building types

The amount of electricity each building requires for heating and
household purposes depends strongly on building properties, such as
building type and size. Fig. 3.3a and b show grid consumption for
different building types when no rooftop PV is used.

As ABs represent the largest building types (see Fig. 2.2), they
have the highest mean electricity consumption at 141 MWh. They are
followed by MFHs with 35 MWh, SFHs with 11 MWh, and THs with 9
MWh (see Fig. 3.3a).

For space heating, the trend is similar (see Fig. 3.3b). ABs have
the highest electricity consumption for space heating (@= 18.9 MWh),
followed by MFHs with 7 MWh, SFHs with 4.8 MWh, and THs with
2.1 MWh. Depending on the ratio between PV production and elec-
tricity consumption, different self-sufficiency rates can be observed
for individual building types. Self-sufficiency is highest for SFHs (@=
55%), followed by THs (@= 53%), then MFHs (@= 41%), and lowest
for ABs (@= 29%) (see Fig. 3.3c). For space heating, this trend is
slightly different. Here, THs have the highest self-sufficiency rates (@=
35.3%) because their space heating consumption is the lowest (see
Fig. 3.3d). The correlation between conditioned floor area and the
self-sufficiency rate for space heating (see Fig. 3.4a) shows that self-
sufficiency decreases with increasing floor area. For small floor areas,
the decline is steep, whereas for larger floor areas, the self-sufficiency
rate decreases more gradually. We choose a logarithmic function for
the regression. For apartment blocks, the sample size is too small to
perform a regression analysis, but we estimate a similar behavior. Ac-
cording to the fit function, the constant term and the absolute value of
the coefficient are highest for THs and lowest for MFHs. This behavior
can be explained by the fact that the self-sufficiency rate for space
heating depends on the ratio between PV production and space heating
demand. For small THs, the electricity demand is sufficiently low to
achieve high self-sufficiency rates, whereas for larger THs, rooftop PV
potentials do not increase as much and cannot fully compensate for
consumption. For very small conditioned floor areas (<50 m?), space
heating demands tend to be very low, and self-sufficiency rates very
high, because other heating effects, such as heating from residents and
electrical devices, play a larger role and reduce the overall electricity
consumption.

Fig. 3.4b shows the self-sufficiency rate of space heating for dif-
ferent building types and construction year classes (see Fig. A.1).
SFHs constructed between 1979 and 1983 [construction year class 07]
exhibit the highest self-sufficiency rate for space heating (@= 40.5%),
followed by SFHs constructed between 2002 and 2009 [construction
year class 10] with a mean space heating self-sufficiency of 39.9%.
The lowest space heating self-sufficiency rate is observed for ABs,
particularly for ABs from the construction year class 05. A general
correlation between building age and energy consumption could not be
observed, as individual conditions such as energy efficiency and energy
systems determine the consumption [38].

3.3. Daily impact on grid

Decarbonizing the German building stock and transitioning from
fossil fuel-based heating systems to solar-assisted heat pumps will
significantly impact electricity grid loads, leading to higher peak loads
and fluctuations. Stabilizing and adapting electricity grids to these
new conditions is a crucial step in the thermal energy transition in
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Germany. An essential aspect of expanding the power grids is the
needs assessment and evaluation of where and how many grids need
to be expanded. Our analysis shows how full rooftop PV utilization
combined with heat pumps in the German building stock could impact
daily grid consumption, considering different building types and ages
(see Fig. 3.5a-d). We investigate how much electricity from the grid is
saved with 100% rooftop PV compared to 0% PV. Savings exceeding
100% represent grid injections. In general, all buildings with full PV
depend less on the grid than without PV. In the summer months (April
to September), smaller building types (SFHs and THs) produce more
energy than they consume and inject up to 90 kWh per day into
the grid. SFHs (Fig. 3.5a) achieve the highest grid savings among the
different building types. In cold periods (October to March), they show
an average load reduction of 70% when using their full rooftop PV
potential. During warmer months, all SFH classes show average grid
savings of up to 317%. SFHs constructed before 1859 (DE.N.SFH.01)
and between 1979 and 1983 (DE.N.SFH.07) exhibit the highest grid in-
jection in July. The lowest grid consumption in January and December
comes from young SFHs built between 2002 and 2009 (DE.N.SFH.10),
while the highest consumption results from houses built between 1949

and 1968 (DE.SFH.05 and DE.N.SFH.04). Except for the latter, with
rooftop PV, all SFHs consumed less electricity from the grid than the
average SFH without PV throughout the year.

The same applies to THs (Fig. 3.5b). Compared to SFHs, they show
fewer grid injections between April and September, as their rooftop ar-
eas and PV potentials are much smaller. However, THs also have lower
grid loads in cold months such as January and December. THs achieve
average grid savings of 52% during colder periods (October to March)
and 195% during warmer periods (April to September). Their maximum
grid injection is 48 kWh per day in July (DE.N.TH.02). Some MFHs
(Fig. 3.5c) show higher grid injections than THs, due to their higher
rooftop PV potentials. For example, DE.N.MFH.09, constructed between
1995 and 2001, has a maximum grid injection in July of 130 kWh
per day. Still, most MFHs do not produce enough PV electricity in the
summer months to fully compensate for their consumption. The highest
grid consumption in winter for MFHs comes from DE.N.MFH.07, built
between 1979 and 1983. Nevertheless, the grid consumption of MFHs
using PV is much less compared to without PV. In cold periods (October
to March), average grid savings of 26% are achieved, and in warmer
periods (April to September), even 97%. Due to their high electricity
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Fig. 3.2. Annual electricity sources and sinks of the building dataset. (a) Flow chart of mean annual electricity production and consumption per building. This chart describes
average values. Numbers are rounded up. (b) Daily average electricity sources (+) and sinks (=) per building.

consumption and relatively low rooftop PV production, ABs have the
highest grid consumption and do mostly not attain a state of surplus
electricity even in summer (Fig. 3.5d). The comparison of ABs with
0% rooftop PV versus 100% rooftop PV reveals that grid loads can
be reduced by 14% during colder months (October to March) and
by 41% during warmer months (April to September). Most of the
electricity is consumed by DE.N.AB.05 houses, which were constructed
between 1958 and 1968. The highest grid injection in summer is from
DE.N.AB.02 (built between 1860 and 1918), with 11 kWh injection per
day resulting in grid savings of 109% compared to the mean reference
value without PV.

4. Discussion

The main goal of this study is to quantify how much of the German
residential heat demand could be covered on-site using air-source heat
pumps combined with rooftop PV and energy management. First, we
discuss our results in the context of existing literature: we found grid
savings of 46% for space and water heating when using full rooftop PV
potential and a flexibility strategy. Similar to the studies of Battaglia
et al. [8], Bee et al. [4], and Eicke et al. [69], we observed increased
self-sufficiency rates when supporting our solar-assisted heat pumps
with thermal and electric storage and an energy management system,
as the electricity load for heating could be shifted to times of higher
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solar gain. The overall grid consumption of our building dataset could
be reduced by 42.9 %.

If we multiply the mean grid consumption per year of our building
dataset (see Table A.1) by the total number of residential buildings in
Germany (19.5 million), the use of solar-assisted heat pumps in German
residential buildings would result in an annual grid load of approxi-
mately 166 TWh. This is 16% higher than the electricity demand for
households in 2021 [70]. Based on our mean annual grid injection of
6.2 MWh, the total annual grid injection for all of Germany would
be 121 TWh. This is 56% more than the German grid injection from
photovoltaics in 2023 [71]. These results are relevant for the needs
assessment of future electricity grids in Germany. SFHs are the most
represented residential buildings in Germany, and they show reduced
grid loads in cooler periods of the year. In warmer periods, they
achieve high surplus energies, even though storage systems and energy
management already optimize self-consumption. This means high grid
injections are expected in the summer months, further substantiating
the necessity of grid expansion in most regions of Germany. We found
that space heating and domestic hot water account for 32% and 9% of
the overall electricity consumption, respectively; the remainder comes
from household electrical devices (55%) and battery losses (4%). This
is similar to the proportions shown in Battaglia et al. [8], where the
electricity load of a single-family house was 34.8% for space heating,
19.3% for domestic hot water, and 45.9% for household appliances.
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Statistics of residential energy consumption in Europe attribute 64.4%
to space heating [1]. It must be noted that these values are based
on the current state in all of Europe, where mostly fossil-fuel-based
heating systems are used and many buildings remain unrefurbished
(in Germany, only 5.1% of the building stock has been ambitiously
renovated according to the Federal Environmental Agency [72]). In our
study, we use heat pumps and floor heating systems, and the energy
efficiencies in our German building dataset are higher than those re-
ported by the Federal Environmental Agency [29], which might explain
these differences. Due to the deviations in the shares of refurbishment
states between ETHOS.BUILDA and the Federal Environmental Agency,
the effect of energy efficiency on grid consumption and heat demand is
not discussed in this paper. We estimate that the energy efficiencies of
the buildings impact consumption, as shown in other studies [4,18,73],
and well-insulated buildings reduce heat demand even further. For the
future, it would be interesting to investigate the effect of the current
German refurbishment states and to quantify the self-covered space
heating demands if the entire building stock were fully renovated.

Regarding the weather profiles, we only considered TRY profiles
from 2015. It would be of great interest to run the same analysis with
future weather data to observe how residential heat, and especially
cooling, demand develops in terms of climate change.

All our results are based on the energy system and building simula-
tion model presented here, and all data are only an approximation of
reality within certain constraints. Residential energy demand depends
highly on the system’s installation and control [14]. Our heat pump
model from hplib [49] is generic and represents only an average of
real heat pump efficiency parameters whereas in real systems heat
pumps have different manufacturers and installations. In our rooftop PV
system model from pvlib [55] we use PV modules and inverters from
2013 taken from the sandia database which are slightly less efficient
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than real PV modules and inverters currently on the market. The
thermal properties of the buildings used in this study are based on the
respective Tabula type. These are average values and might differ from
real, individual building properties. Also the accuracy of the Tabula
type assignment has limitations as discussed in Section 2.1.1. While
building interactions and microclimate effects, such as urban heat
islands and shading from surrounding buildings as described in Zhao
et al. [74], play role for urban residential energy consumption, they
are outside the scope of this study. These mechanisms are influenced
by various factors, including climate, building density, height, layout,
energy efficiency, user behavior, natural environment, and wind flow.
Further research is needed to develop a deeper understanding of these
impacts on German residential energy consumption. In general, all
values are fitted and aggregated and no real values (occupancy, heating
system efficiency, Tabula related building properties, weather profiles
etc.) are used. We need to approximate data because real data is not
available or limited. In the future more open-source data is needed to
constantly improve the accuracy of energy system models.

The advantage of our method is that we can mimic dynamic and
flexible processes and interactions between the individual energy sys-
tem components with a high level of detail. One downside, compared
to cost optimization models, is that our approach does not focus on the
most economically beneficial energy system sizing and configurations,
which might lead to different results compared to optimization-based
studies [75]. To address this, for the next study, we would like to
include a cost analysis and optimize our energy system configuration
and control with respect to the least costs.

Overall, our model is capable of providing a detailed and large-
scale bottom-up analysis of load profiles for building datasets and,
therefore, can help understand the diverse interactions between oc-
cupants, building envelope, heating system, weather, PV production,
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and energy management for a variety of buildings. The information
gained from our simulations is crucial for stakeholders in the residential
building and grid sectors and can support decision-making in the
decarbonization process of the German building stock [15].

5. Conclusion and outlook

This paper explores how much of the annual residential heat de-
mand in German households could be covered on-site using air-water
heat pump systems combined with rooftop PV, energy management,
and thermal and electric storage. We recreated the German build-
ing stock by selecting random residential buildings from the ETHOS.
BUILDA database [26] and assigned each building random households,
rooftop PV, and weather profiles. For each building, we ran dynamic
energy load profile simulations with ETHOS.HiSim [24]. The energy
systems were scaled based on normative heating load, building size,
and number of dwellings. We evaluated a scenario where all electricity
demand was provided from the grid versus a scenario where each
building utilized its full rooftop PV potential.
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We found that exploiting the full PV potential, together with energy
management and thermal and electric storage, could reduce the elec-
tricity demand for space heating of the overall German building stock
by 35.2%. The saving potential is particularly high for single-family
and terraced houses (space heating self-sufficiency rate: SFH: 34.6%,
TH: 35.3%, MFH: 21.6%, AB: 8.6%). The self-sufficiency rate for space
heating decreases with increasing floor areas, with the decline being
most significant for small areas but becoming more gradual for larger
areas. In cold periods (October to March), SFH and TH buildings show
mean grid consumptions that are 52%-70% lower than the average grid
consumption without PV. In warm periods (April to September), THs
and SFHs inject electricity into the grid with up to 90 kWh per day. This
underscores the necessity of grid expansion in most regions of Germany.

Our method allowed for a large-scale, statistically based bottom-up
analysis of building stock energy load profiles and dynamic building
simulations of solar-assisted heat pump systems, which is of a larger
scale than other studies found in the literature. The information on
the heat demand that could be covered independently of the grid
and the influencing factors can be valuable for stakeholders in the
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Statistic S-1.1: Frequency of building types of the national building stock

Table A.1

Average values of our building dataset for the case when full rooftop PV potential is used in combination
with battery storage and energy management system. The total mean consumption is slightly higher as
mentioned in Section 3 because of the battery losses and the demand-side management which increases

consumption during periods of excess supply.

Parameter Mean value Unit
Conditioned floor area 239 m?
Norm heating load 11 kw
Number of dwellings 2.2 -
Number of residents per dwelling 2.1 -
Rooftop area 191 m?
PV azimuth angle 183 °

PV tilt angle 32 °

PV rooftop capacity 15.5 kw
PV rooftop generation 13.5 MWh
Total electricity consumption 15.5 MWh
Consumption from grid 8.5 MWh
Injection to grid 6.2 MWh

(building stock in May 2011: residential buildings erected until end of 2009)
total residential building stock in May 2011: 18,368,000 buildings, 39,432,000 apartments, 3,575 million m? living space

Energy 317 (2025) 134622

construction SFH TH MFH AB sum fraction
year class number of buildings (1000)
1]...1859 330 148 54 0.6 533 3%
21860 ...1918 966 492 442 28.7 1929 1%
31919 ... 1948 131 710 388 7.4 2236 12 %
4 | 1949 ... 1957 859 447 356 17.3 1679 9%
5| 1958 ... 1968 1509 633 586 34.0 2762 15 %
6 | 1969 ... 1978 1507 611 412 501 2580 14 %
71979 ...1983 704 335 146 15.0 1200 7%
8 | 1984 ... 1994 1160 652 309 28.7 2150 12%
9 1995 ... 2001 1035 619 244 20.9 1919 1%
10 | 2002 ... 2009 775 384 85 76 1251 7%
sum 9976 5030 3023 210 18239 100 %
fraction 55 % 28 % 17 % 1% 100 %

Last updated: 31.10.2013

Fig. A.1. Tabula statistic on the building codes of the German building stock in 2011 [36,37].
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Table A.2
Weather stations and regions of Test-Reference Years (TRY) data [76].
No. Lon. Lat. Temp. [°C] Station Region
1 53.5591 8.5872 10.0 Bremerhaven North Sea coast
2 54.0878 12.1088 9.8 Rostock Baltic Sea coast
3 53.5299 10.0078 9.7 Hamburg Northwest German Lowland
4 52.3938 13.0651 9.9 Potsdam Northeast German Lowland
5 51.4562 7.0568 10.9 Essen Lower Rhine-Westphalian Bay and Emsland
6 50.6461 7.9426 8.5 Bad Marienburg Northern and western uplands, peripheral areas
7 51.3334 9.4725 9.8 Kassel Northern/western uplands, central areas
8 51.7239 10.6069 6.7 Braunlage Upper Harz and Black Forest (middle elevations)
9 50.8233 12.9181 9.5 Chemnitz Thuringian Basin and Saxon Upland
10 50.3226 11.9124 8.3 Hof Southeastern uplands up to 1000 m
11 50.4312 12.9522 4.0 Fichtelberg Erzgebirge, Bohemian and Black Forest over 1000 m
12 49.4902 8.4637 12.1 Mannheim Upper Rhine Valley and lower Neckar Valley
13 48.2432 12.5286 8.8 Miihldorf Swabian-Franconian Upland/Alpine Foreland
14 48.6536 9.8666 8.0 Stotten Swabian Alb/Baar
15 47.4945 11.1046 7.6 Garmisch-Partenkirchen Alpine foothills/valleys

o

]

Fig. A.2. Test Reference Years (TRY) regions distributed over Germany [76,77].
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Fig. A.3. Mean annual electricity from grid (orange) and to grid (green) per building [MWh] for residential energy systems with and without thermal energy storage (TES) load

shifting.

residential building and grid sectors and can support decision-making
in the decarbonization process of the German building stock.
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