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ABSTRACT Keywords

District heating grids (DHGs) offer substantial potential for decarbonising the heating sector,
which accounts for around 40 % of Europe’s total energy consumption. Although DHGs are a
mature technology, the integration of renewable energy (RE) remains limited. This study
evaluates Hybrid Network Solutions (HNS) through a one-year simulation of three heat supply
scenarios in a southern German town. Two innovative HNS concepts incorporate rooftop
photovoltaic (PV) systems and decentralised thermal energy storage (TES) to enable sector
coupling via electric heating elements and air-to-water heat pumps (HPs). Scenario 1 integrates
heat supply through a DHG with decentralised Power-to-Heat (P2H) units, enabling greenhouse
gas (GHG) reductions by utilizing surplus PV electricity. Scenario two introduces a dual-grid
structure with a low-temperature network supplied by a large groundwater heat pump and a high-
temperature DHG using waste heat. While this configuration reduces final energy demand, it
results in higher GHG emissions due to reliance on grid electricity with a high primary energy
factor. The findings highlight the efficiency potential of HPs and the importance of aligning heat
sector electrification with power sector decarbonisation. HNS concepts can serve as scalable
models for sustainable district heating, provided that a renewable electricity supply and intelligent
operational strategies are ensured.
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1. Introduction and smart energy systems, defined as systems where

The reduction of greenhouse gas emissions (GHG) in
the atmosphere is currently one of the most relevant
global challenges. Through the Federal Climate Change
Act, Germany has set national targets of at least 88 %
reduction in GHG emissions by 2040 and of neutrality
by 2045 [1,2]. The heating sector is of decisive impor-
tance to achieve these objectives, since it accounts for
about 40 % of the GHG emissions related to the energy
sector both in Germany and in Europe [3].

In this context, district heating grids (DHGs) emerge
as a key technology, considering that 14 % of the space
heating demand in Germany is covered by these systems
[4]. Moreover, the concepts of hybrid energy networks

*Corresponding author — e-mail: laura.vallese@phd.unipd.it

Received 30.11.2025 | Accepted 05.05.2026 | Published 19.06.2026

electricity, thermal, and gas networks are combined and
integrated in a synergic way, have gained significant
attention as a pathway to optimise the overall energy
system and increase its flexibility [5,6].

Hybrid networks can be understood as configurations
in which physically separate power and DHGs are func-
tionally interconnected through various coupling tech-
nologies, enabling coordinated generation, transport and
consumption [7]. The integration of district heating
within hybrid energy systems is particularly promising
to speed up the decarbonisation of the heating sector,
thanks to the exploitation of temporary renewable sur-
plus generation through sector coupling [8].
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List of Abbreviations

COP  Coefficient of performance
CHP  Combined heat and power
DHG District heating grid
GCHP Ground coupled heat pump
GHG Greenhouse gas emissions
GWHP Groundwater heat pump

HNS  Hybrid network solutions

HP Heat pump

LTDH Low-temperature district heating
P2H  Power-to-heat

PV Photovoltaic

RE Renewable energy

TES  Thermal energy storage

Sector coupling is defined as the integration of differ-
ent energy sectors including electricity, heat, and trans-
port: the energy provided by one sector is used by
another one and can be converted again [7]. Surplus
renewable electricity can be converted into heat through
power-to-heat (P2H) technologies, including electric
boilers, heat pumps (HPs), and resistance heaters, and
can then be stored in thermal energy storage (TES) sys-
tems, balancing energy demand and offer.

The integration of HPs into DHGs has become a central
strategy, as reported by the IEA Heat Pumping Technologies
Annex 47, which surveyed 24 realised HP installations
with a total capacity of 108 MW across 14 European
DHGs, identifying both technical barriers and innovative
solutions for their deployment [9]. Compared to other P2H
options, HPs are particularly suitable for longer, more fre-
quent and lower renewable energy (RE) surpluses, due to
the high coefficient of performance (COP) [10]. Load
shifting can be planned by controlling heat generators
based on residual load, i.e. the difference between the
energy demand and the electricity supplied by RE [11].

The recent spread of the fourth generation of district
heating systems is a further opportunity for facilitating the
implementation of hybrid network solutions (HNSS)
[12,13]. The reduction of the DHG supply temperature
allows for decreased heat losses and thermal stress in the
pipes, and for a higher integration of waste heat and RE
sources [5]. However, barriers remain in the implementa-
tion of these systems, as highlighted by Pellegrini et al.
[14].

Scientific literature reflects the growing interest for
the topics related to HNSs. The IEA DHC Annex TS3
presents a comprehensive overview about these energy
networks, discussing the available technologies for
sector coupling, providing decarbonisation perspectives
and collecting some of the most relevant real-world
hybrid energy systems [5].

Schmidt et al. carried out a SWOT analysis for HNSs,
highlighting the opportunities given by digitalisation,

TES and decentralisation, while also pointing out the
threats represented by the increased electricity demand
and uncertainty in the current world situation [15].
Sorknas compared three different HNSs for both Austria
and Denmark, discussing the potential of direct electrifi-
cation of DHGs by means of electric boilers and HPs
[16]. Csontos et al. combined door-to-door surveys,
GIS-based resource mapping and heat demand analysis
to identify suitable areas for multi-source DH develop-
ments in a Hungarian region [17].

Mikulandric et al. developed a mathematical model
for a hybrid network integrating a combined heat and
power (CHP) plant, a biomass boiler, HPs and TES sys-
tems, and highlighting cost reductions due to the inte-
gration of RE in the heat supply [18]. Talebi et al.
compared two dynamic optimisation scenarios for an
existing hybrid community DHG integrating central
TES and supplied by gas and biomass [19]. Capone et al.
developed a steady-state model of a DHG in Northern
Italy, discussing the possibilities for integration of large-
scale HPs, and Siddiqui et al. investigated the operation
of a DHG integrated with a large ground-source HP and
central TES [20,21]. Pieper et al. demonstrated the fea-
sibility of integration of large-scale HPs with low-tem-
perature supply in Tallin’s DHG [22]. Holmér et al.
highlighted the beneficial effect of including TES in
DHG, facilitating solar heating and power-to-heat tech-
nologies integration [23].

Against this background, this study investigates dif-
ferent heat supply options for a district in the Bavarian
town of Neuburg on the Danube, carried out within the
research project “EnEff:Warme: HybridBOT_FW” [24].
An overview of the project was already presented in
Cadenbach et al. [25], reporting the first results obtained
from the co-simulation of the integrated operation of the
thermal and electricity sectors, and considering adequate
control strategies for the electricity grid and the district.

Instead, this paper presents the comparison of three
different supply scenarios, focusing on the implications
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for the heating sector. Two scenarios incorporating an
HNS have been developed for a specific urban district
(see Section 2.1) and subjected to a comparative, simu-
lation-based analysis. The analysed heat supply scenar-
ios (detailed in Section 2.2) are founded on DHG and
flexible sector coupling technologies, such as electric
heating elements and HPs, which are integrated with
decentralised TES within buildings. In response to the
need for load shifting, the operation of these P2H units
is aligned with the intermittent supply of RE sources,
particularly photovoltaic (PV) generation. Indeed, the
combination of an existing centralised DHG with decen-
tralised building-level P2H units, decentralised TES,
and rooftop PV surplus utilisation remains underex-
plored in the literature.

The objective of this study is therefore to compare
three heat supply scenarios for a real district and to
assess how decentralised sector coupling technologies
can complement an existing DHG with regard to final
energy demand, GHG emissions and the utilisation of
coupling technologies.

The focus on local PV surplus is motivated by the
intention to analyse a technically feasible form of
local sector coupling between electricity and heat
within the district. In this way, rooftop PV generation
is not only treated as a generic RE source, but as a
local flexibility option that can be directly linked to
decentralised P2H operation and TES charging at
building level. The investigated concept thus follows
a bottom-up approach at district level, aiming to uti-
lise as much locally generated energy as possible
directly within the district and, in particular, within
the buildings through decentralised P2H units and
TES before surplus electricity is exchanged with the
public grid.

Rather than aiming to immediate practical implemen-
tation, the proposed HNSs focus on the transferable
transformation concepts of existing DHGs by enhancing
the usage of RE sources. The scenarios also explore the
potential of flexible grid temperatures and temperature
reduction. The HNSs are compared to a reference sce-
nario in which district heat is supplied exclusively
through a DHG. Through this comparative approach, the
study analyses the performance of three supply scenar-
ios for an existing district, with a particular focus on the
sector coupling role of decentralised P2H units, TES,
and rooftop PV surplus utilisation in comparison with a
conventional DHG supply concept.

2. Hybrid supply concept and methodology

The methodological framework addresses the technical
integration of hybrid heat supply systems within an
existing district heating context. It combines centralised
DHG with decentralised TES systems and sector cou-
pling technologies, including electric heating elements
and HPs, supported by PV surplus utilisation. Key
design aspects include dynamic supply temperature con-
trol, hydraulic separation between subsystems, and
decentralised TES for peak load management. The pro-
posed configurations are modelled using dynamic simu-
lation tools to analyse thermic interactions and
operational flexibility under varying load and generation
conditions.

2.1 Description of the district

The case study district is situated in Neuburg an der
Donau, a town in Bavaria, Germany. As illustrated in
Figure 1, the area is predominantly characterised by
residential buildings, with a few commercial structures
located in the northwest, including facilities operated by
the municipal utilities and a kindergarten. For the pur-
poses of this analysis, only the residential buildings
outlined in red are considered.

The residential buildings vary in type, age and associ-
ated energy standard. They are mostly single- or double-
family houses, but there are also four multi-family
buildings, with up to 16 housing units. The yellow build-
ings in the north are new builds that comply with the
German KfW55 energy standard, with a combined heat-
ing load of 635 kW. In contrast, the buildings marked in
blue were constructed between 1940 and 2003 and have
a total heating load of 581 kW (see Table 1).

For the existing buildings in the southern area, the
annual heat demand is based on actual gas consumption
data. The average annual heat demand of 20,7 MWh/a
per building results in part from the fact that some build-
ings were aggregated into larger units for the analysis.
For the new buildings in the northern area, the annual
heat demand was estimated using a specific heat demand
of 35 kWh/(m?2a).

The diversity in construction periods suggests the
presence of heterogeneous heating systems, each requir-
ing different supply temperatures. In new buildings,
underfloor heating typically operates at approximately
35 °C, whereas existing buildings predominantly rely on
radiator systems requiring supply temperatures of around
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65 °C. Furthermore, to comply with hygiene standards,
domestic hot water (DHW) must be maintained at a
minimum of 60 °C. Consequently, the district presents
an interesting case study for investigating the feasibility
and implications of transitioning to a hybrid energy
system.

Given that Neuburg an der Donau hosts several indus-
trial companies with high-temperature process require-
ments, the local municipal utilities currently operate two
distinct DHGs, which are owned by the town. The first
grid supplies high-temperature heat to industrial users,
while the waste heat generated is utilised to feed a
second, lower-temperature DHG operating at approxi-
mately 90 °C.

2.2 Description of the supply concepts

Two supply scenarios featuring an HNS are developed
and compared with a reference scenario. A comparative
overview of the relevant parameters is presented in
Figure 2.

In the reference scenario, heat is provided only
through a DHG operating at a constant temperature of
80 °C. The heat source is the existing DHG, from which
it is thermo-hydraulically separated by a heat exchanger.
This approach allows for flexible adjustment of the
supply temperature. The supply temperature of 80 °C
ensures that the buildings’ heat demand, including space
heat and DHW, is fully met by the DHG. All buildings
are equipped with decentralised thermal water storage
tanks, sized between 1,000 and 3,000 litres according to
the heating load, enabling peak shaving. Across all
buildings, this results in a total storage volume of
approximately 90 m3. To guarantee comfort and hygiene,
DHW is supplied separately from the storage tank
through a freshwater station.

The two hybrid scenarios (1 and 2) were developed as
district-based supply concepts that aim to maximise the
local utilisation of PV electricity within the district
before surplus electricity is exchanged with the public
grid. The focus on rooftop PV is motivated by the possi-
bility of using already built-up areas for local RE gener-
ation without requiring additional land. Against this
background, the investigated supply concepts address

the question of how this locally generated electricity can
be integrated and utilised as efficiently as possible
within the district heat supply while minimising electric-
ity exchange via the public grid. In both scenarios, the
existing DHG is complemented by decentralised sector
coupling technologies at building level, in particular
P2H units and HPs combined with TES.

The development of the supply variants also consid-
ered that electricity exchanged via the public grid is
generally associated with additional charges, whereas
electricity used locally within the building is not subject
to the same conditions. These economic implications
were considered qualitatively but not quantified in the
present study. In both hybrid scenarios, decentralised
sector coupling technologies, such as electric heating
elements and air-to-water HPs, are used to reheat the
decentralised TES. The energy for reheating is provided
by surplus PV power from rooftop solar installations on
each building. PV electricity is first used to cover the
buildings’ household electricity demand, and only the
remaining surplus is used for decentralised P2H opera-
tion and, in Scenario 2, for a central groundwater heat
pump (GWHP).

For the sizing of the rooftop PV systems, a largely
maximised use of the available roof areas was assumed.
The installed PV capacity was estimated using a simpli-
fied calculation approach based on the building areas
and several reduction factors according to Fritz et al.
[27]. In total, this results in an installed PV capacity of
1.4 MWp within the district. A substantial share of this
capacity is associated with the large multi-family build-
ings located in the northern part of the district. The cou-
pling technologies are sized according to the DHW
demand based on the relevant DIN EN 15450 standard
[28]. Overall, the installed electrical capacity of the
decentralised electric heating elements and HPs is 430
kW. Scenario 1 prioritises the local use of rooftop PV
surplus within the buildings. Besides the decentralised
sector coupling technologies, Scenario 1 is similar to the
reference scenario: the entire district is supplied by a
single DHG. Moreover, the DHG operates with a float-
ing temperature level that adjusts according to the out-
side air temperature [29]. This means that the supply

Table 1: Relevant parameters describing the boundary conditions within the supply district.

Residential area Year of construction

Heating peak load

Annual heat demand Number of buildings

North
South

New construction
1940 - 2003

635 kW
581 kW

740 MWh/a 25
1182 MWh/a 57
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Figure 1: Map of the considered district showing new build and existing residential building (own representation based on OSM [26]).

temperature varies between 80 °C during the coldest
periods and 75 °C in warmer months. In summer, when
heat demand is low, the DHG is temporarily shut down,
and heat is provided exclusively by decentralised P2H
units. As a result, the grid can adapt to fluctuating
demand while reducing distribution heat losses [13].
Scenario 2 follows the same district-based approach and
also includes decentralised P2H units and TES supplied
by rooftop PV surplus at building level. In addition, it
extends the supply concept through a central GWHP and
a differentiated DHG structure with two temperature
levels. The district heat supply is therefore divided into
two DHGs in order to better match the different tem-
perature requirements of newly developed and existing
building areas (see Section 2.1).

The existing housing stock remains connected to a
DHG operating with variable supply temperatures
between 70 °C and 80 °C, similar to Scenario 1.
Conversely, the second DHG is operated at 45 °C and
supplies the new development area through the GWHP.
This configuration enables a substantial reduction in the
supply temperature of the second DHG, thereby leading
to benefits associated with low-temperature district heat-
ing (LTDH), such as reduced heat losses and improved

overall system efficiency [12,13]. As in Scenario 1,
decentralised P2H units and TES remain part of the
supply concept and continue to enable the local use of
rooftop PV surplus at building level.

The central HP was chosen by taking into account
different local sources at almost constant temperature, in
order to ensure an efficient operation. The adoption of a
ground coupled heat pump (GCHP) was discarded after
a first dimensioning made with the ASHRAE method
resulting in a requirement of more than 300 borehole
heat exchangers, meaning that high drilling costs would
have been required. Moreover, the ground regeneration
problem must be faced if the GCHP is only exploited for
heating purposes [30].

Therefore, a groundwater heat pump (GWHP) with
water reinjection is implemented as the heat source for
the new development area, since the geographical condi-
tions of the site are highly suitable for this technology
[31]. This solution also offers high replicability for sim-
ilar towns, which makes it particularly attractive for
broader implementation.

The electricity required by the GWHP is expected to
be supplied by the PV power that exceeds the buildings’
electricity demand and is not used to supply the coupling
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Figure 2: Comparative overview of the relevant parameters of all heat supply scenarios.

technologies connected to the decentralised storages. If
this residual PV is not sufficient, the central HP is going
to be supplied partially by the electric grid. To ensure
stable operation of the HP, a central TES tank is inte-
grated as an interface between the HP and the DHG.
This configuration provides hydraulic separation of the
two subsystems and enables supply at the desired
temperature.

2.3 Modelling the energy supply

All scenarios are modelled in MATLAB Simulink
(2021b version) [32], which is a graphical environment
for dynamic simulations of TES. In particular, the con-
ventional and renewable energy systems optimisation
toolbox (CARNOT) is used, since it is a Simulink
library for modelling thermal and hydraulic components
such as heat exchangers, storages, heat pumps, pipes and
valves [33]. The models consist of interconnected blocks
that exchange input and output signals representing the
parameters used in the internal calculations of each
block.

All simulations were conducted over one full year at
an hourly resolution, with heat demand, DHW demand,
weather data, and PV generation represented by corre-
sponding hourly input time series. Due to the high com-
putational effort, the decentralised TES models and the
DHG models were simulated in parallel in separate
MATLAB instances. During the simulation, the relevant
boundary conditions and state variables were exchanged
between these model parts through the software OpSim
[34], so that the overall model still represents one

integrated annual system analysis. A variable-step solver
was used, meaning that the calculation step size is auto-
matically adapted to the system dynamics and error
tolerances.

The heat and DHW demand are simplified and pro-
vided as an input time series representing the discharge
from the decentralised thermal storages. The DHW
demand was estimated based on the average daily con-
sumption using a statistical approach implemented
through the DHWoCcalc tool [35]. The installed capacity
of the decentralized sector coupling technologies is
sized according to the DHW demand to avoid oversizing
and minimize resource utilization.

The operation of the technologies follows a technical
control logic rather than an economic optimisation.
Decentralised P2H units are operated when PV surplus
is available, up to their maximum installed capacity and
within the operational limits of the connected TES. The
charging of the decentralised TES is additionally con-
trolled in order to avoid overcharging and to maintain
the required storage temperature levels. If the heat pro-
vided by the decentralised P2H units is not sufficient,
the remaining heat demand is supplied by the DHG. The
results of the simulations are analysed in Section 3.

3. Simulation results and discussion

Figure 3 shows the monthly heat supply for Scenario 2,
disaggregated by DHG and decentralized P2H units.
Due to the high heating demand in winter, a classic sea-
sonal distribution pattern emerges. During the summer
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months, heat is almost exclusively provided by decen-
tralised P2H units. In the transitional months of May and
September, the share of P2H, and thus of renewable PV
energy in the heat supply, accounts for over 50 %.
However, this effect is limited in relation to the annual
heat demand, given that there is high heat demand in the
winter months and the DHG accounts for a significantly
higher proportion of the heat supply.

The bar chart in Figure 4 shows a comparison of the
total final energy supplied in all scenarios. In the refer-
ence scenario, the DHG is the only heat source, whereas
in the other two scenarios, the heat supply is divided
between different technologies, depending on whether it
is supplied by electricity from the grid or PV plants. The
total final energy values are 2689 MWh/a, 2490 MWh/a
and 2038 MWh/a for the reference, first and second sce-
narios respectively.

In Scenario 1, only a marginal share of the annual
heat demand (131 MWh) is supplied by PV-driven
decentralized P2H units. Concurrently, the system’s total
energy requirement decreases by 199 MWh per year
(7 % compared to the reference scenario), primarily due
to reduced heat supply by the DHG, which lowers distri-
bution losses.

Scenario 2 demonstrates the highest relative contribu-
tion of decentralized P2H units to overall heat demand,
with a 24 % decrease of final energy demand compared
to the reference scenario. This outcome is driven by the
fact that one of the DHGs operates at a supply

500
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400
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300
250
200
150
100
5
0
Jan

Heat supply [MWh]

o

Feb Mar Apr May

H DHG

temperature below the 60 °C threshold required for
hygienic DHW preparation. Consequently, P2H units
must operate more frequently and exhibit limited flexi-
bility in adapting to variable PV generation.

Among all three configurations, Scenario 2 supplies the
lowest total energy demand through DHG. This is mainly
due to the use of environmental heat by the large-scale heat
pump, which reduces the externally supplied final energy
and reflects the high efficiency of this system design.

Figure 5 illustrates the variation in GHG emissions
across the analysed energy supply scenarios. Both the
reference case and Scenario 1 are predominantly sup-
plied by DHG, resulting in emissions that scale propor-
tionally with this source. Owing to the integration of PV
generation, Scenario 1 exhibits 12 % lower GHG emis-
sions compared to the reference configuration.

The calculations assume an average primary energy
factor (PEF) of 0.4 for German DHG [36] and an equiv-
alent emission factor of 120 g CO, per kWh of heat, as
shown in Table 2, in order to provide a generic bench-
mark and not to overrepresent the particularly local
DHG setup. For electricity from the public grid, includ-
ing the electricity supplied to the central HP, the assess-
ment is based on the standardised factors applied in
Germany for building energy evaluation according to
the GEG [37], thereby reflecting the practical assess-
ment approach currently used in this context. Each PEF
value was multiplied by the final energy supplied by the
related source, computing the primary energy. Then,

Jun Jul Aug Sep Oct Nov Dec

Decentral P2H

Figure 3: Monthly heat supply in Scenario 2, disaggregated into DHG and decentralised P2H units.
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GHG emissions were obtained by multiplying the CO,
equivalent for each source by the respective primary
energy.

In contrast, Scenario 2 records more than twice the
emissions of the reference case, amounting to 291 tCO,-
eg/a. This increase is primarily attributable to the inclu-
sion of grid electricity for operating decentralized P2H
units and the large-scale heat pump. Conversely, emis-
sions associated with DHG feed-in are lowest in
Scenario 2, at only 69 tCO,-equivalent. This indicates
that the comparatively high total emissions of Scenario
2 are mainly driven by the current carbon intensity of
grid electricity. Under a fully decarbonised electricity
supply, Scenario 2 would therefore be expected to have
the lowest overall GHG emissions among the analysed
scenarios. These findings underscore the strong depen-
dency of overall GHG performance on the share of
renewable energy within the electricity mix and its cor-
responding emission intensity.

4. Conclusion and outlook

The analysis demonstrates that sector coupling through
the integration of PV generation and P2H technologies

B DHN
m Decentral P2H grid

m Central heat pump grid

3000

2500
2000
1500

0 I

FInal energy [MWh/a]

1000
500

Reference

is a promising option for reducing primary energy con-
sumption and supporting the decarbonisation of district
heating systems. At the same time, the results indicate
that the performance of such concepts depends strongly
on the system design and on the carbon intensity of the
electricity supply. In this context, the implementation of
large heat pumps offers considerable efficiency potential
but still faces important challenges under current bound-
ary conditions.

Scenario 1 highlights the benefits of seasonal network
shutdowns and decentralized P2H operation. In the pres-
ent case study, this results in lower final energy demand,
improved utilization of locally generated PV electricity,
and reduced DHG operation during periods of low heat
demand. At the same time, Scenario 1 reduces the need
for electricity supply from the public grid, since locally
generated rooftop PV electricity is directly utilised
within the buildings by decentralised P2H units.

The results further show that the decentralised integra-
tion of P2H units and TES can support the local utilisa-
tion of rooftop PV surplus and provide additional
operational flexibility within a DHG-based supply con-
cept. In the investigated district, this is particularly
reflected in lower distribution losses and in the

Decentral P2H PV
m Central heat pump PV

3
105
26
208
2

1

Figure 4: Comparison of the final energy demand of the supply scenarios, disaggregated by generation plant and electricity supply from the
grid or PV system.
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Table 2: Overview of the parameters used for the primary energy factor and equivalent CO, emissions.

PEF CO,eq [g/kWh]
DHG (source [36]) 0.4 120
Power grid (source [37]) 18 372
Power grid for central HP (source [37]) 12 372

possibility of shifting part of the heat supply to decen-
tralised technologies. In addition, Scenario 1 suggests
that, in areas where rooftop PV is available, decentralised
P2H units can already support a stepwise decarbonisation
of heat supply in an existing DHG, even before the elec-
tricity sector is fully decarbonised and before the central
district heating infrastructure is completely transformed.
Scenario 2 highlights both the efficiency potential and
the current limitations of a more advanced district-based
transformation concept. While the differentiated low-tem-
perature DHG structure and the integration of a central
GWHP reduce the final energy demand, the scenario also
reveals critical challenges, including unmet DHW require-
ments and an increased reliance on decentralised P2H
systems, which lead to high electricity consumption.
Consequently, this efficiency advantage is not yet
reflected in the GHG balance, because the additional
electricity demand is assessed using the current grid

B DHG
350

300
250
200
150

100

CO2 emissions [tCO2eq/a]

u
o

Reference

m Decentral P2H grid

electricity mix. Under the boundary conditions applied
in this study, Scenario 2 therefore combines lower final
energy demand with higher GHG emissions, although
this would be expected to change with a more strongly
decarbonised electricity sector.

From a broader perspective, the investigated concept
can also be understood as a bottom-up flexibility approach
at district level, aiming at the greatest possible local utilisa-
tion of electricity generated within the district. In this way,
such concepts may reduce the need for electricity exchange
via the public grid and could, in the longer term, contribute
to avoiding or delaying grid reinforcement.

Future work should therefore not only consider the
economic performance of the investigated supply scenar-
ios but also assess the practical feasibility of local
PV-based sector coupling with regard to the regulatory
and economic framework conditions associated with elec-
tricity exchange via the public grid. In addition, further

m Central heat pump grid

Figure 5: Comparison of the equivalent CO, emissions of the supply scenarios, referenced to the source of supply: DHG or electricity grid.
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work within the broader research project addresses intel-
ligent control strategies that combine economic optimisa-
tion with load-shifting approaches in order to align
additional electricity demand with periods of high renew-
able generation. These questions, however, are beyond
the scope of the present paper. In this context, energy
community approaches and business models that incen-
tivise PV self-consumption and decentralised storage may
further improve the practical feasibility of such concepts.

Finally, the success of such concepts depends on the
parallel decarbonization of the electricity sector. Heat
pumps and P2H units offer substantial efficiency gains
compared to direct electric heating, yet their sustainability
hinges on the availability of low-carbon electricity.
Coordinated strategies for heat and power decarbonization
are therefore indispensable. If these conditions are met, the
investigated supply concepts could provide a useful basis
for the gradual transformation of existing high-temperature
DHG systems and for guiding similar developments in
other urban districts, paving the way toward a more inte-
grated and climate-neutral energy system.

Acknowledgements

This work presents results from the project “EnEff:Wéarme:
HybridBOT_FW” funded by the German Federal Ministry
for Economic Affairs and Energy under grant no.
“03EN3041A”. The authors thank ENERPIPE GmbH and
Stadtwerke Neuburg an der Donau for providing informa-
tion on the district and thermal energy system technologies.
The responsibility for the contents of this publication lies
solely with the authors. This article belongs to the special
issue of the 2025 Smart Energy Systems conference,
Copenhagen, 16-17 September 2025.

References

[1] Federal Climate Change Act (Bundes-Klimaschutzgesetz) n.d.
https://www.gesetze-im-internet.de/englisch_ksg/englisch_
ksg.html (accessed September 4, 2023).

[2] Climate Action in Figures — Facts, Trends and Incentives for
German  Climate  Policy  2021:68. https://www.
bundeswirtschaftsministerium.de/Redaktion/EN/Publikationen/
Klimaschutz/climate-action-in-figures.pdf?__
blob=publicationFile&v=1

[3] Bundesverband der Energie- und Wasserwirtschaft e.\V. BDEW.
Entwicklung des Warmeverbrauchs in Deutschland Basisdaten
und Einflussfaktoren. 2022. https://heliogaia.
de/W%C3%A4rmeverbrauchsanalyse_Foliensatz-2022.pdf

[4] Mazhar AR, Liu S, Shukla A. A state of art review on the
district heating systems. Renew Sustain Energy Rev
2018;96:420-39. https://doi.org/10.1016/j.rser.2018.08.005.

[5] Schmidt R-R, Béhm H, Cronbach D, Muschick D, lanakiev A,
Jentsch A, et al. IEA DHC Annex TS3: Hybrid Energy
Networks - District Heating And Cooling Networks In An
Integrated Energy System Context. 2023. https://www.iea-dhc.
org/fileadmin/documents/Annex_TS3/IEA_DHC_Annex_
TS3_Guidebook_-_final.pdf

[6] Lund H, @stergaard PA, Connolly D, Mathiesen BV. Smart
energy and smart energy systems. Energy 2017;137:556-65.
https://doi.org/10.1016/j.energy.2017.05.123.

[71 AGFW, BBH Consulting AG, ENERPIPE GmbH, Fraunhofer
IEE, IKEM, Stadtwerke Neuburg a. d. Donau.
EnEff:Wéarme:HybridBOT_FW - Transformation of the urban
district heating supply, Key definitions of the project. 2022.
https://cloud.agfw.de/f/38398d43alcf48ae9dh4/

[8] Bloess A, Schill W-P, Zerrahn A. Power-to-heat for renewable
energy integration: Areview of technologies, modeling approaches,
and flexibility potentials. Appl Energy 2018;212:1611-26. https://
doi.org/10.1016/j.apenergy.2017.12.073.

[9] IEAHeat Pumping Technologies Annex 47 Heat Pumps in District
Heating and Cooling Systems Task 2: Demonstration projects.
HPT - Heat Pump Technol n.d. https://heatpumpingtechnologies.
org/publications/iea-heat-pumping-technologies-annex-47heat-
pumps-in-district-heating-and-cooling-systemstask-2-
demonstration-projects/ (accessed November 30, 2025).

[10] Bernath C, Deac G, Sensfu F. Influence of heat pumps on
renewable electricity integration: Germany in a European con-
text. Energy Strategy Rev 2019;26:100389. https:/doi.
0rg/10.1016/j.esr.2019.100389.

[11] Werner M, Muschik S, Ehrenwirth M, Trinkl C, Schrag T.
Sector Coupling Potential of a District Heating Network by
Consideration of Residual Load and CO2 Emissions. Energies
2022;15:6281. https://doi.org/10.3390/en15176281.

[12] Averfalk H, Benakopoulos T, Best I, Dammel F, Engel C, Geyer
R, et al. Low-Temperature District Heating Implementation
Guidebook. IEA DHC Report 2021:206. https://www.iea-dhc.
org/fileadmin/documents/Annex_TS2/IEA_DHC_Annex_
TS2_Transition_to_low_temperature_DH.pdf

[13] Schmidt D, Kallert A. Future Low Temperature District
Heating Design Guidebook. IEA DHC Report 2017. https://api.
euroheat.org/uploads/IEA_Annex_TS_1_Final_Report_
Excerpt_ca8f4ed576.pdf

[14] Pellegrini M, Bianchini A, Guzzini A, Saccani C. Classification
through analytic hierarchy process of the barriers in the revamping
of traditional district heating networks into low temperature district
heating: an Italian case study. Int J Sustain Energy Plan Manag
2019:Vol 20 (2019). https://doi.org/10.5278/1JSEPM.2019.20.5.

International Journal of Sustainable Energy Planning and Management \ol. 49 2026 35


https://www.gesetze-im-internet.de/englisch_ksg/englisch_ksg.html
https://www.gesetze-im-internet.de/englisch_ksg/englisch_ksg.html
https://www.bundeswirtschaftsministerium.de/Redaktion/EN/Publikationen/Klimaschutz/climate-action-in-figures.pdf?__blob=publicationFile&v=1
https://www.bundeswirtschaftsministerium.de/Redaktion/EN/Publikationen/Klimaschutz/climate-action-in-figures.pdf?__blob=publicationFile&v=1
https://www.bundeswirtschaftsministerium.de/Redaktion/EN/Publikationen/Klimaschutz/climate-action-in-figures.pdf?__blob=publicationFile&v=1
https://www.bundeswirtschaftsministerium.de/Redaktion/EN/Publikationen/Klimaschutz/climate-action-in-figures.pdf?__blob=publicationFile&v=1
https://heliogaia.de/W%C3%A4rmeverbrauchsanalyse_Foliensatz-2022.pdf
https://heliogaia.de/W%C3%A4rmeverbrauchsanalyse_Foliensatz-2022.pdf
https://doi.org/10.1016/j.rser.2018.08.005
https://www.iea-dhc.org/fileadmin/documents/Annex_TS3/IEA_DHC_Annex_TS3_Guidebook_-_final.pdf
https://www.iea-dhc.org/fileadmin/documents/Annex_TS3/IEA_DHC_Annex_TS3_Guidebook_-_final.pdf
https://www.iea-dhc.org/fileadmin/documents/Annex_TS3/IEA_DHC_Annex_TS3_Guidebook_-_final.pdf
https://doi.org/10.1016/j.energy.2017.05.123
https://cloud.agfw.de/f/38398d43a1cf48ae9db4/
https://doi.org/10.1016/j.apenergy.2017.12.073
https://doi.org/10.1016/j.apenergy.2017.12.073
https://heatpumpingtechnologies.org/publications/iea-heat-pumping-technologies-annex-47heat-pumps-in-district-heating-and-cooling-systemstask-2-demonstration-projects/
https://heatpumpingtechnologies.org/publications/iea-heat-pumping-technologies-annex-47heat-pumps-in-district-heating-and-cooling-systemstask-2-demonstration-projects/
https://heatpumpingtechnologies.org/publications/iea-heat-pumping-technologies-annex-47heat-pumps-in-district-heating-and-cooling-systemstask-2-demonstration-projects/
https://heatpumpingtechnologies.org/publications/iea-heat-pumping-technologies-annex-47heat-pumps-in-district-heating-and-cooling-systemstask-2-demonstration-projects/
https://doi.org/10.1016/j.esr.2019.100389
https://doi.org/10.1016/j.esr.2019.100389
https://doi.org/10.3390/en15176281
https://www.iea-dhc.org/fileadmin/documents/Annex_TS2/IEA_DHC_Annex_TS2_Transition_to_low_temperature_DH.pdf
https://www.iea-dhc.org/fileadmin/documents/Annex_TS2/IEA_DHC_Annex_TS2_Transition_to_low_temperature_DH.pdf
https://www.iea-dhc.org/fileadmin/documents/Annex_TS2/IEA_DHC_Annex_TS2_Transition_to_low_temperature_DH.pdf
https://api.euroheat.org/uploads/IEA_Annex_TS_1_Final_Report_Excerpt_ca8f4ed576.pdf
https://api.euroheat.org/uploads/IEA_Annex_TS_1_Final_Report_Excerpt_ca8f4ed576.pdf
https://api.euroheat.org/uploads/IEA_Annex_TS_1_Final_Report_Excerpt_ca8f4ed576.pdf
https://doi.org/10.5278/IJSEPM.2019.20.5

[15]

[16]

[17]

[18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

36

Influence of sector coupling on a district heating system in a German town: thermal simulation and comparison of different supply scenarios

Schmidt R-R, Leitner B. A collection of SWOT factors (strength,
weaknesses, opportunities and threats) for hybrid energy net-
works. Energy Rep 2021;7:55-61. https://doi.org/10.1016/j.
egyr.2021.09.040.

Sorknas P. Hybrid energy networks and electrification of dis-
trict heating under different energy system conditions. Energy
Rep2021;7:222-36. https://doi.org/10.1016/j.egyr.2021.08.152.
Csontos C, Soha T, Harmat A, Campos J, Csiillég G, Munkacsy
B. Spatial analysis of renewable-based hybrid district heating
possibilities in a Hungarian rural area. Int J Sustain Energy Plan
Manag 2020:17-36 Sider. https://doi.org/10.5278/|JSEPM.3661.
Mikulandric R, Krajac¢i¢ G, Dui¢ N, Khavin G, Lund H,
Mathiesen BV. Performance Analysis of a Hybrid District
Heating System: A Case Study of a Small Town in Croatia. J
Sustain Dev Energy Water Environ Syst 2015;[3]:[282]-[302].
http://dx.doi.org/10.13044/j.sdewes.2015.03.0022

Talebi B, Haghighat F, Tuohy P, Mirzaei PA. Optimization of a
hybrid community district heating system integrated with ther-
mal energy storage system. J Energy Storage 2019;23:128-37.
https://doi.org/10.1016/j.est.2019.03.006.

Capone M, Guelpa E, Verda V. Optimal Installation of Heat
Pumps in Large District Heating Networks. Energies
2023;16:1448. https://doi.org/10.3390/en16031448.

Siddiqui S, Macadam J, Barrett M. The operation of district heat-
ing with heat pumps and thermal energy storage in a zero-emission
scenario. Energy Rep 2021;7:176-83. https://doi.org/10.1016/].
egyr.2021.08.157.

Pieper H, Mas3atin V, Volkova A, Ommen T, Elmegaard B, Brix
Markussen W. Modelling framework for integration of large-
scale heat pumps in district heating using low-temperature heat
sources. Int J Sustain Energy Plan Manag 2019:Vol 20 (2019).
https://doi.org/10.5278/1JSEPM.2019.20.6.

Holmér P, Ullmark J, Goransson L, Walter V, Johnsson F.
Impacts of thermal energy storage on the management of vari-
able demand and production in electricity and district heating
systems: a Swedish case study. Int J Sustain Energy 2020;39:446—
64. https://doi.org/10.1080/14786451.2020.1716757.

EnArgus Vorhaben “03EN3041A” aus Suche nach * ’ n.d.
https://www.enargus.de/detail/?id=3799940 (accessed
September 5, 2023).

Cadenbach AM, Wett L, Marten F, Vogt M, Prade E, Ackermann
D, et al. TRANSFORMATION AND OPTIMIZATION OF
THERMAL GRIDS FOR THE DEVELOPMENT OF HYBRID
GRID STRUCTURES n.d. https://www.iea-dhc.org/fileadmin/
public_documents/DHC2023_Conference_proceedings_CDHA.
pdf

OpenStreetMap, Germany (2022). Map section showing Paula-
Schiller-Strale, Heckenweg and Heinrichsheimstrale in

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

Neuburg an der Donau. Map created from OpenStreetMap data.
Open Database License (ODbL) n.d. https://opendatacommons.
org/licenses/odbl/ (accessed November 30, 2025).

Fritz R, Sanina N, Beinert D, Siefert M. Zuverlassige Bestimmung
der mdglichen Einspeisung mittels Globalstrahlung aus
Satellitendaten. 35 PV-Symp. 2020, Pforzheim: Conexio; 2020.
https://publica.fraunhofer.de/entities/publication/77432673-6ceb-
43a2b-8c20-33f9a9e1876¢

DIN EN 15450:2007 - Heating systems in buildings - Design of
heat pump heating systems 2007. https://www.din.de/en/get-
ting-involved/standards-committees/nhrs/publications/
wdc-beuth:din21:98862901.

Marten F, Wett L, Ackermann D, Requardt B, Waschner CJ,
Bayraktar A, et al. Analysis of the Grid Impact of a new Sector-
Coupled Control Strategy with Power-to-Heat Systems in a
Hardware-in-the-Loop Experiment. ETG Kongr. 2025 Voller
Energ. — Heute Morgen, 2025, p. 282-8. https://ieeexplore.ieee.
org/document/11202006

Piotrowska-Woroniak J. Assessment of Ground Regeneration
around Borehole Heat Exchangers between Heating Seasons in
Cold Climates: A Case Study in Bialystok (NE, Poland).
Energies 2021;14:4793. https://doi.org/10.3390/en14164793.
Energieatlas Bayern. EnergieatlasBayernDe n.d. http://www.
energieatlas.bayern.de (accessed April 6, 2023).

MATLAB. Version 9.11.0.1809720 (R2021b) Update 1. Natick,
USA: The MathWorks Inc., 2021. n.d. https://it.mathworks.
com/help/matlab/

Wemhoener C, Hafner B, Schwarzer K. Simulation of solar ther-
mal systems with carnot blockset in the environment MATLAB
Simulink 2000. https://www.osti.gov/etdeweb/biblio/20162854
Fraunhofer Institute for Energy Economics and Energy System
Technology. OpSim: test- and simulation-environment for grid
control and aggregation strategies 2024. www.opsim.net/en
(accessed April 7, 2026).

Jordan U, Vajen K, Braas H. Tool for the Generation of
Domestic Hot Water (DHW) Profiles on a Statistical Basis
Version 2.02b (March 2017). University of Kassel, Kassel
Germany. n.d. https://www.uni-kassel.de/maschinenbau/insti-
tute/thermische-energietechnik/fachgebiete/solar-und-anla-
gentechnik/downloads.html (accessed November 30, 2025).
AGFW. GFW Hauptbericht [Main Report]. Frankfurt am Main:
AGFW - Der Energieeffizienzverband fir Warme, Kélte und
KWK e. V. 2022. https://www.agfw.de/zahlen-und-statistiken/
agfw-hauptbericht/ (accessed November 30, 2025).

Federal Republic of Germany. Building Energy Act
(Gebdudeenergiegesetz — GEG), Section 22: Primary energy
factors, 2023. [Online]. n.d. https://www.gesetze-im-internet.
de/geg/__22.html (accessed November 30, 2025).

International Journal of Sustainable Energy Planning and Management \ol. 49 2026


https://doi.org/10.1016/j.egyr.2021.09.040
https://doi.org/10.1016/j.egyr.2021.09.040
https://doi.org/10.1016/j.egyr.2021.08.152
https://doi.org/10.5278/IJSEPM.3661
http://dx.doi.org/10.13044/j.sdewes.2015.03.0022
https://doi.org/10.1016/j.est.2019.03.006
https://doi.org/10.3390/en16031448
https://doi.org/10.1016/j.egyr.2021.08.157
https://doi.org/10.1016/j.egyr.2021.08.157
https://doi.org/10.5278/IJSEPM.2019.20.6
https://doi.org/10.1080/14786451.2020.1716757
https://www.enargus.de/detail/?id=3799940
https://www.iea-dhc.org/fileadmin/public_documents/DHC2023_Conference_proceedings_CDHA.pdf
https://www.iea-dhc.org/fileadmin/public_documents/DHC2023_Conference_proceedings_CDHA.pdf
https://www.iea-dhc.org/fileadmin/public_documents/DHC2023_Conference_proceedings_CDHA.pdf
https://opendatacommons.org/licenses/odbl/
https://opendatacommons.org/licenses/odbl/
https://publica.fraunhofer.de/entities/publication/77432673-6ceb-4a2b-8c20-33f9a9e1876c
https://publica.fraunhofer.de/entities/publication/77432673-6ceb-4a2b-8c20-33f9a9e1876c
https://www.din.de/en/getting-involved/standards-committees/nhrs/publications/wdc-beuth:din21:98862901
https://www.din.de/en/getting-involved/standards-committees/nhrs/publications/wdc-beuth:din21:98862901
https://www.din.de/en/getting-involved/standards-committees/nhrs/publications/wdc-beuth:din21:98862901
https://ieeexplore.ieee.org/document/11202006
https://ieeexplore.ieee.org/document/11202006
https://doi.org/10.3390/en14164793
http://www.energieatlas.bayern.de
http://www.energieatlas.bayern.de
https://it.mathworks.com/help/matlab/
https://it.mathworks.com/help/matlab/
https://www.osti.gov/etdeweb/biblio/20162854
https://www.uni-kassel.de/maschinenbau/institute/thermische-energietechnik/fachgebiete/solar-und-anlagentechnik/downloads.html
https://www.uni-kassel.de/maschinenbau/institute/thermische-energietechnik/fachgebiete/solar-und-anlagentechnik/downloads.html
https://www.uni-kassel.de/maschinenbau/institute/thermische-energietechnik/fachgebiete/solar-und-anlagentechnik/downloads.html
https://www.agfw.de/zahlen-und-statistiken/agfw-hauptbericht/
https://www.agfw.de/zahlen-und-statistiken/agfw-hauptbericht/
https://www.gesetze-im-internet.de/geg/__22.html
https://www.gesetze-im-internet.de/geg/__22.html

	_Ref215424519

