
Operational Experiences with a
Temperature-Variable District Heating
Network for a Rural Community

The potential of utilizing temperature-variable district heating systems in rural
areas was investigated. A local district heating system in Germany and the related
project NATAR are briefly described; measurement data is evaluated. Operational
experiences with a seasonal temperature reduction and consequent advantages for
different heat generation systems and heat storages are discussed. The analysis of
measurement data reveals a high optimization potential for solar thermal systems
in case of an integration both into a low- and a high-temperature storage. Further-
more, a combined heat-and-power plant in combination with a CO2 heat pump
promises sector-coupling potential and high electricity self-consumption.
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1 Background

With its ‘‘Green Deal’’, the European Union (EU) set up a plan
to tackle climate change, reduce environmental degradation
and finally become the first green continent until 2050 [1]. To
meet this objectives, it is necessary to increase the share of
renewable energies (RE) in all sectors. Industry, services, house-
holds, and transportation rank amongst the main energy con-
sumers in the EU [2]. In 2019, 19.7 % of the gross final energy
consumption was covered by RE. While the share of RE in the
electricity sector has increased considerably (+13,4 %), the
heating-and-cooling sector shows a significantly lower increase
over the past 10 years (+5,3 %) [3].

The situation in Germany is comparable to the development
on the European level, especially concerning the different
increases in the shares of RE in the heat and electricity sectors.
With a share of RE in the final energy consumption of 17.4 %,
Germany occupies the 16th place in the EU [3]. However, an
increasing share of RE within the German electricity grid
demands proper management and technological solutions to
compensate for the fluctuating nature of RE and thus to ensure
a stable energy supply. To cope with this situation in the near
future, ‘‘sector coupling’’ (i.e. combining the heating, cooling,
and mobility sectors) and flexible consumers are potential solu-
tions to meet this challenge.

To manage the changes and challenges of sector coupling,
so-called Smart Energy Systems (SES) are proposed [4], which
provide the possibility of balancing the fluctuations caused by
RE in the electricity grids. By combining the electricity, heating,
and gas grids, flexibility is generated to achieve the optimum
with respect to the overall energy system. Smart Thermal Grids,
or fourth-generation district heating networks (DHN), are part
of the SES. Lund et al. [5] describe them as a system with low-

temperature water as a heat transfer fluid. An average tempera-
ture between 30 and 60 �C within the grid enables the integra-
tion of low-temperature RE. Due to the low temperature, heat
losses are reduced compared to third-generation networks,
which are typically operated at a temperature level of up to
100 �C [5]. The best possible solution for each energy concept
depends on the individual heat requirements of connected con-
sumers [6, 7]. Existing buildings typically require a higher flow
temperature compared to new buildings. Therefore, the reduc-
tion of the supply temperatures in a heating grid is limited in
such cases.

To reduce losses in grids supplying also existing buildings,
lowering the supply temperature seasonally provides a promis-
ing option. In addition to decreasing transportation losses, this
approach improves the efficiency of integrated RE (e.g., solar
thermal energy) [8]. As the space heating demand in Germany
is low or non-existent during summer, the grid losses might
decrease significantly, allowing for a temperature-reduction of
the DHN during this period. To provide the necessary supply
temperature for domestic hot-water preparation, decentralized
heat pumps together with appropriate control strategies allow
for a seasonal reduction of the flow temperature and may
therefore positively contribute to optimizing DHN.

The decreasing heat connection density over the last years
and optimization of DHN to so-called fourth- and fifth-genera-
tion DHN (see Buffa et al. [9]) are the subject of ongoing
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research [10–12]. Fifth-geneneration DHN (also called ultra-
low-temperature DHN with less than 30 �C) utilize multiple
decentral heat pumps to meet the temperature requirements
and can therefore be linked with the electricity sector [13, 14].
Further research regarding fourth- and fifth-generation DHN
(and their comparison) was done by Ommen et al. [14], Lund
et al. [15], and Yang and Svendsen [16]. In addition, within the
collaborative research projects of the International Energy
Agency (IEA EBC Annex 84 and IEA DHC Annex TS3), inno-
vative DHN are currently further investigated. However, a tem-
perature-variable DHN could not be found in the literature. A
temperature-variable DHN means that it works seasonally,
depending on the ambient temperature, as a third- as well as a
fourth- or fifth-generation DHN.

Against this background, a temperature-variable DHN was
realized in Dollnstein (Germany) and analyzed within a
research project. Amongst others, one aim of the project
NATAR (2017–2020) was to monitor the DHN with variable
temperatures at Dollnstein, to evaluate the advantages and dis-
advantages of the particular operation characteristic (i.e.,
switching between the cold and hot modes) and to identify
optimization potentials. In a second step, further possibilities
to enhance sector coupling were investigated. This research
article focuses on the evaluation of measurement data, which
are subsequently presented and discussed, and the transferabil-
ity to similar projects.

2 The Temperature-Variable District
Heating Grid in the Rural Community
of Dollnstein

In Dollnstein, a rural community located in South Germany,
an innovative district heating system following the aforemen-
tioned approach of a seasonally variable DHN flow tempera-
ture was constructed. It is amongst the first heating systems
with variable temperatures and, since 2015, nearly 25 consum-
ers have been connected. The heating network consists of three
main hydraulic circuits supplying new and already existing,
domestic and commercial/non-domestic buildings (e.g., gym,
school). The variety of building types (e.g., a church built in the
18th century, a school, and a city hall) requires high supply
temperatures (> 60 �C) in combination with a high heat de-
mand, especially during winter. However, the lower heat de-
mand during German summers (solely hot water demand)
allows for improving the energy efficiency and the economic
viability by reducing the temperature of the DHN, therefore
minimizing its heat losses.

In order to generate heat to supply the DHN, multiple op-
tions are available in the central district heating station (DHS;
Fig. 1): a CO2 groundwater heat pump (nominal capacity
440 kWth), a liquid gas-fired combined heat-and-power (CHP)
plant (nominal capacity 235 kWth), and a liquid gas-fired
backup boiler (nominal capacity 300 kWth). The electricity
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Figure 1. Schematic illustration of the central district heating station in the DHN with selected measurement sensors (adapted to [17]).
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generated by the CHP plant is consumed by the central heat
pump. Furthermore, 100.4 m2 of solar thermal collectors con-
tribute to the heat supply of the system. For the system integra-
tion of the four heat generation systems, a low-exergy and a
stratified storage are implemented in the central DHS.

The low-exergy storage with a volume of 15 m3 serves – in
combination with a groundwater well – as a low-temperature
source for the heat pump and can be charged by using the con-
densing heat of the CHP and the solar thermal collectors. The
stratified storage can be supplied by all heating devices, includ-
ing the solar thermal system, which can therefore charge both
the stratified and the low-exergy storage depending on the tem-
perature of the heat transfer fluid. During the winter period
(November – May), the DHN usually operates at a supply tem-
perature level of 75 �C to meet the necessary heat demand and
operational requirements of the decentral consumers, amount-
ing up to 8 MWh per day. During the summer period (May –
November), the flow temperature is lowered to about 40 �C and
the central heat pump and the CHP plant are out of operation.
Further control algorithms are described in Ramm et al. [17].

Furthermore, pre-insulated duo-pipelines with a total length
of 1800 m ensure heat transportation from the central DHS to
the consumers. To meet the consumers’ heat demand during
summer, a buffer storage and decentralized heat pumps are in-
stalled at each building. As the consumers widely differ regard-
ing their annual heat demand (non-residential and residential),
a variety of buffer storages (500–2000 m3) and heat pumps
(1.9–3.1 kWel) are implemented in the decentral substations.

3 Measurement Equipment and
Evaluation of Measurement Data

To evaluate the DHN, the Dollnstein system was equipped with
extensive measurement equipment, especially the central DHS
(Fig. 1). However, as some areas were not time resolved or not
recorded at all, retrofitting of the measurement technology was
necessary. The recording of the measurement data is event
based (i.e., values will only be tracked in case of a change).

The DHN in Dollnstein was
planned assuming an annual heat
generation of 1.38 GWh to meet
the heating demand of 40 private
households and several public
buildings. In Tab. 1, annual values
for the heat production of the cen-
tral DHS for supplying the DHN
are given.

As not every consumer was con-
nected to the DHN in 2018, the
annual heat production has contin-
uously increased over the years. In
2020, the measured heat generation
of 1.24 GWh was 140 MWh lower
than the planned value as there are
still consumers with an existing
heating system (e.g. oil-fired boil-
ers) working in parallel to the
DHN.

As described in Sect. 2, different heating devices were
installed in the central DHS. Due to compressor damage of the
central heat pump between May and November 2020, further
evaluation was performed with values prior to this event. To
meet the heat demand, there are four different primary sources
of energy, which were directly used for the heating grid or for
further heat generation: liquid gas, electric energy, energy from
groundwater, and solar energy. In January 2020 (Fig. 2a), the
predominant energy source was liquid gas. In contrast, in July
2019 (Fig. 2b), liquid gas amounted to only 5 %. This can be
attributed to a high contribution of solar thermal energy during
the summer (e.g., 48 % in July 2019). However, nearly the same
amount (40 %) is required in the form of electricity from the
external electricity grid for the decentral heat pumps and as
auxiliary energy to run the whole DHN. A photovoltaic system
with 191 kWp has already been installed next to Dollnstein.
However, this power plant is not directly coupled with the
Dollnstein system at the moment. Therefore, this electricity
cannot yet be used by the DHS itself but must be fed into the
external grid.

3.1 Seasonal Temperature Reduction

One of the innovative elements of the DHN in Dollnstein was
to lower the supply temperature seasonally to minimize grid
heat losses. In 2020, the flow temperature was lowered from
May 21 to October 20, with an average value from ~74 �C dur-
ing the winter period to ~45 �C during the summer period

Chem. Eng. Technol. 2023, 46, No. 3, 482–490 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 1. Annual heat production of the central DHS in Dolln-
stein.

Year Heat production [GWh]

2018 1.09

2019 1.17

2020 1.24

a) b)

Figure 2. Energy sources for the whole system in the DHN Dollnstein: (a) January 2020, (b) July
2019.
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(Fig. 3). As a result, the return tem-
perature is 27 �C, on average, dur-
ing the summer period and 48 �C
during the winter period.

Reducing the flow temperature
led to a reduction of the heat losses
of the DHN in Dollnstein during
the summer months. To determe
the heat losses (Qloss), the differ-
ence between the energy distribut-
ed to the customers (QDHN + Pel)
and the heat fed into the decentral-
ized storage facilities of each con-
sumer (QCons.) was derived. In this
context, the energy distributed to
the customers consists of the sup-
plied heat by the central heat sta-
tion (QDHN) as well as the electric-
ity demand of the decentralized
heat pumps (Pel) (Fig. 4). Here, it
has to be noted that the measure-
ment data of one consumer (post
office) is not available and was
therefore not considered for the
subsequent evaluation.

In 2018, the overall heat losses of
the DHS in Dollnstein amounted
to 279 MWh. Considering an over-
all amount of 1162 MWh delivered
to the DHS, this yields relative heat
losses of 24 %. However, a further
analysis shows that 88 % of the
total heat losses for the entire year
occur within the five winter
months from November until
March. To classify those heat losses,
the measurement data is compared
to the target values published by
Pex [18] (Fig. 5).

In the presentation of Pex [18],
377 DHN with a minimum pipe
length of 200 m were investigated.
To ensure economical operation, it
is recommended that heat losses
should be less than 10 % of the total
heat supply, with a minimum con-
nection density of 1.5 MWh m–1a–1.
The DHN in Dollnstein does not
achieve these target values. How-
ever, with a connection density of
0.5 MWh m–1a–1, it matches the
regression function made based on
all investigated DHN from Pex [18]
(Fig. 5).

The real heat losses of the DHN
in Dollnstein are expected to be
lower than 24 %, since the data of the post office with a con-
nected load of 60 kW was not available for the measurement
evaluation. To estimate the heat losses of the post office, the

heat demand for another public building (Rathaus (town hall),
100 kW) was proportionally evaluated. By considering an esti-
mated heat demand of the post office of 55 MWh (4.4 % of the

Chem. Eng. Technol. 2023, 46, No. 3, 482–490 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 3. Grid temperatures of the DHN Dollnstein in 2020 with flow (Tflow) and return (Treturn)
temperature.

Figure 4. Monthly energy balance (in MWh) of the DHN Dollnstein at the consumers’ side to de-
termine heat losses.

Figure 5. Heat losses and connection density of the DHN in Dollnstein in 2018, compared to ref-
erence values adapted to [18].
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total heat demand), the heat losses could be reduced to 19 %
with a connection density of 0.53 MWh m–1a–1.

It can be concluded that seasonally lowering the temperature
of the DHN could not reduce the annual heat losses. This can
be attributed to the fact that there are currently only 25 con-
sumers (expected: 40). Due to further decentral heat generation
systems, the planned heat requirement is higher than the real
heat demand. Therefore, the very low heat demand density of
the system leads to high losses in general. However, an analysis
of the summer shows that the lowered temperatures during
summer compensate the losses, which would otherwise be even
higher.

3.2 Integration of Solar Thermal Collectors

As mentioned in Sect. 2, 100.4 m2 of solar thermal collectors
are integrated into the DHN in Dollnstein. To increase the
share of RE within the temperature-variable DHN, the solar
thermal system is explained in detail subsequently. It is a cen-
tral solar thermal system that supplies the low-exergy storage
as well as the stratified storage and is installed on the roof of
the central DHS. If the low-exergy storage is fully charged, i.e.,
the temperature is higher than 20.2 �C at the top of the storage,
the heat is fed into the stratified storage. Tab. 2 shows the
annual solar heat production from 2018 until 2020 and the uti-
lization of the storages. For this period, the collectors delivered
more energy to the stratified storage than to the low-exergy
storage. This can be attributed to the fact that the solar thermal
system is the main heat producer within the DHN during
summer. However, it increased significantly due to the break-
down of the central heat pump over five months in 2020 and
led to a share of 77.5 % of thermal energy supplied to the strati-
fied storage. As the low-exergy storage serves as a heat source

for the central heat pump, the solar thermal system only sup-
plied the stratified storage during the breakdown.

Analyses of measurement data further indicate that heat was
fed into the stratified storage even on sunny winter days.
Hence, the yields of the solar thermal system are sufficient to
fully charge the low-exergy storage. To illustrate this, data from
February 4 to 9, 2020 was chosen as a representative operating
period. Fig. 6a shows the solar irradiation (yellow) and the
thermal power fed into each storage. The temperature limits
for the control algorithm as well as the ambient temperature
can be seen in the lower diagram (Fig. 6b).

Especially in the afternoon with comparably high ambient
temperatures ranging between 0 and 10 �C, the solar collectors
provide high-temperature heat to the stratified storage. As soon
as the top of the low-exergy storage detects a temperature of
20.2 �C, the solar thermal energy is fed into the stratified stor-
age. This storage is charged until the temperature at the top of
the low-exergy storage drops below 15 �C.

Considering all boundary conditions, the evaluation of the
measurement data in Fig. 6 shows that the control algorithm
meets the switching requirements. Moreover, the solar thermal
system can fully charge the low-exergy storage with high effi-

Chem. Eng. Technol. 2023, 46, No. 3, 482–490 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 2. Annual heat production of the solar thermal system
and the shares of heat supply fed into each storage.

Year Total solar heat
production
[MWh]

To stratified
storage
[%]

To low-exergy
storage
[%]

2018 79.9 58.4 41.6

2019 69.7 60.4 39.6

2020 73.8 77.5 22.5

a)

b)

Figure 6. Representative measurement data from February 4 to 9, 2020: (a) Solar thermal power (in kW) and
measured irradiation; (b) temperature at the top of the low-exergy storage (in �C), ambient temperature (in �C),
and the operation range of the controller.
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ciency even on winter days, due to lower operating tempera-
tures.

In addition to the investigation of heat production for the
storages, the behavior of the solar thermal collectors under real
conditions hreal were evaluated and compared to the manufac-
turer’s specifications. With the datasheet and real conditions of
measured weather data, a theoretical efficiency htheoretical was
determined according to Eqs. (1) and (2) [19]:1)

hTheoretical ¼ h0 �
a1 Tm � Tambð Þ

E
� a2 Tm � Tambð Þ2

E
(1)

with:

Tm ¼
Treturn þ Tflowð Þ

2
(2)

For the calculations, the optical efficiency h0 of 78.4 %, the
linear heat loss coefficient a1 (4.142 W m–2K–1), the squared
heat loss coefficients a2 (0.0038 W m–2K–2), and the collector
aperture area A (89.6 m2) from the manufacturer’s datasheet
are used. Considering the measured mean temperature of the
heat transfer fluid Tm, the ambient temperature TL, and solar
irradiation E, a theoretical efficiency can be determined. These
values were compared to the measured efficiency, i.e., the ratio
between the heat delivered by the
solar thermal collectors _QN and the
incident irradiation (Eq. (3)) [19]:

hMeasurement ¼
_QN

E · A
(3)

To compare the measured with
the theoretical efficiency, a winter
day in February 2018 (Fig. 7) was
chosen. The comparison indicates
that the efficiency in case of real
conditions is higher than the theo-
retical efficiency. Over the course of
the day, the solar thermal collectors
show an efficiency above 70 %. At
the same time, the theoretical effi-
ciency is determined at ~60 %.
When evaluating the differences of
the measured and expected effi-
ciencies of the solar collectors ac-
cording to the datasheet, the instal-
lation of the collector array has to
be considered. As the solar thermal
collectors are integrated into the
roof of the central DHS, their heat
losses are reduced, as the surround-
ing temperature is higher than the
ambient temperature [20]. The
higher efficiency of the solar ther-
mal collectors can be observed
through the whole year.

The high efficiency of the solar thermal collectors in combina-
tion with their ability to supply both the stratified or the low-
exergy storage enables high solar thermal fractions at the Dolln-
stein system. Especially during summer, the lower heat demand
of the customers in combination with a high collector yield
allows for values greater than 60 % with respect to the overall
heat production. In 2019, the solar thermal collector array deliv-
ered an overall amount of 69.8 MWh (778 kWh m–2a–1) (Fig. 8),
reflecting a total share of 6 % of the annual heat production.

3.3 High-Temperature Central Heat Pump

In the Dollnstein system, sector coupling should be enabled.
Utilizing the central heat pump combined with the CHP is
considered as a promising solution, demanding a more detailed
investigation of the heat pump operation and efficiency. The
central heat pump has a nominal thermal capacity of 440 kWth

and is operated with the refrigerant, R744 (CO2). It is a high-
temperature heat pump with a maximal flow temperature of
80 �C. Compared to conventional refrigerants, e.g. R134a, CO2

has a critical temperature of 31.1 �C [21]. Hence, to reach high
flow temperatures, a CO2 heat pump works in a transcritical
area with high pressure ranging between 8 and 12 MPa [22].

Chem. Eng. Technol. 2023, 46, No. 3, 482–490 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 7. Comparison of the real and theoretical efficiencies of solar thermal collectors for a win-
ter day.

Figure 8. Solar thermal heat production in 2019.

–
1) List of symbols at the end of the paper.
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This requires robust components to ensure safe
operation. However, the use of CO2 provides sever-
al advantages: It has a low global warming potential
(GWP = 1) and low flammability in case of mal-
functions of the heat pump [21].

The central heat pump contains three compres-
sors to generate a supply temperature of about
75 �C. To increase electricity self-consumption
within the central district heating station the cen-
tral heat pump is intended to run in parallel with
the CHP plant and directly utilize the electricity
produced. In 2019, the heat pump consumed
59.8 MWh of electrical energy, of which 16.4 % was
taken from the external electricity grid. Especially
during the winter months, the electric energy
demanded from the external electricity grid
decreased, which can be attributed to the simulta-
neous operation of both the central heat pump and
the CHP plant. For instance, in December 2019,
the electricity consumed from the external grid was
only 3.27 % of the overall consumption of the heat
pump.

Two groundwater wells and the low-exergy stor-
age serve as heat sources for the heat pump. Ac-
cording to Fig. 1, the two wells charge the low-ex-
ergy storage with an annual mean temperature of 15 �C.
Analyzing the heat meters reveals that 67 MWh of thermal
energy is supplied by the two groundwater wells. However, the
heat supply of the wells is limited by a precooling component
upstream of the central heat pump (Fig. 9), which was original-
ly not part of the system design but was necessary due to the
sensitivity of the CO2 heat pump.

The return of the DHN is cooled upstream of the central
heat pump to lower the inlet temperature of the heat pump. As
mentioned above, CO2 heat pumps require a low inlet temper-
ature at the condenser side to avoid a fault condition [23].
Thus, the temperature of the DHN return (Fig. 9; blue line) is
decreased via a heat exchanger using the evaporator side circuit
of the heat pump. In 2019, 60 MWhth was transferred from the
return side of the DHN to the well and may therefore be con-
sidered as heat loss.

Due to the very specific hydraulic setup of the heat pump in
the Dollnstein system, there are two options to calculate its
coefficient of performance (COP). First, a COP can be deter-
mined related to the heat pump itself. Temperatures after the
precooling, directly at the in- and outlet of the heat pump, are

used to derive this COP. Second, an effective COP with the pre-
cooling component can be determined. To check whether the
heat pump works according to the manufacturer’s datasheet,
the COP of the heat pump itself was evaluated from the mea-
surement data and compared to the manufacturer’s informa-
tion. To make those values comparable, specific operational
points of the heat pump were considered. Only in case of the
inlet and outlet temperatures being identical to the heat pump
datasheet, the measured COP and the COP of the datasheet
were compared.

Fig. 10 indicates that the seasonal temperature reduction has
a significant impact on the efficiency of the heat pump. In
2019, the switch of the grid temperatures was on November 9.
During the winter months, the heat pump works at an average
COP of 2.4 (Fig. 10). Instead, due to a lower heating grid tem-
perature and a higher temperature of the low-exergy storage,
an average COP of 3.2 can be calculated during summer. Fig. 10
indicates that the calculated COP is close to the manufacturer’s
COP.

At some points, the compared COP values differ consider-
ably. The reason for those peaks of the measured COP is that

Chem. Eng. Technol. 2023, 46, No. 3, 482–490 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 9. Precooling system of the central heat pump and measurement equip-
ment.

Figure 10. Comparison between the central heat pump COP according to the manufacturer’s datasheet and
the COP measured under real-life conditions between November 8 and 11, 2019.
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the compressor of the heat pump turns off for a few minutes.
Consequently, the flow rate of the heat sink approached 0 m3h–1.
Comparing the COP, only the temperatures were taken into con-
sideration. The volume flow rate was not considered, as it has a
limited impact on the COP during the running process.

Evaluating the heat pump shows that the heat pump meets
the manufacturer’s specifications However, the COP of the
whole system is much lower due to the precooling component.

4 Discussion and Further Steps

This paper shows that seasonally lowering the flow tempera-
ture of a DHS reveals several optimization potentials for heat
generation systems. As the heat demand of the consumers is
lower than expected, annual heat losses could not be reduced
compared to other DHN investigated by Pex [18]. However, it
could be shown that lowering the supply temperatures in
summer reduces the heat losses significantly. By utilizing both
a low- as well as a high-temperature heat storage, the share of
RE can be increased (in the present study, solar thermal frac-
tions higher than 60 % were observed). To further increase the
share of RE, the CHP plant should be fuelled with biomass
instead of liquid gas, as it is the case in the current system.

Moreover, by connecting the operation of the CHP plant
and the CO2 heat pump, electricity self-consumption can be
optimized (e.g., up to 83.6 % in 2019), especially in the winter
months. Analyzing the measurement data shows that the whole
system, especially the central heat pump, should be optimized,
as the return temperature of the heating grid is higher than
expected. Due to a non-ideal precooling component upstream
of the CO2 heat pump, heat is transferred to the well. There-
fore, the groundwater wells cannot achieve their full potential
as designed. Due to several technical problems with the existing
CO2 heat pump, it is planned to be replaced by a new one.
Accordingly, the efficiency of the whole system is expected to
improve, as the new heat pump is adapted to the current design
of the DHN. To utilize further optimization potentials, a sys-
tem model was developed within the research project using the
Modelica programming language.

In conclusion, operating a DHN at different temperatures of-
fers several advantages. As mentioned, e.g., by Ommen et al.
[14] and Lund et al. [15], temperature-variable DHN have a
high potential to increase the share of RE in the heating sector.
Furthermore, the summer mode allows for integrating a higher
share of RE especially in case of existing buildings with an
increased heat demand. Utilizing decentral heat pumps enables
coupling the electricity with the heating sector, which is consid-
ered as an advantageous feature of such DHN [9, 15]. However,
the Dollnstein system requires further optimization measures,
which will be further investigated by means of a simulation
model. According to Yang and Svendsen [16], fourth-genera-
tion DHN are characterized by both a high energy efficiency
and a high exergy effiency (as compared to third-generation
DHN). These advantages can be achieved by a seasonal tem-
perature reduction and, thereby, reduced heat losses. However,
such a setup is charged with higher investment costs and there-
fore requires further investigations.
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Symbols used

A [m2] collector aperture area
E [W m–2] solar irradiation
Pel [MWh] electric energy delivered to the

customers
QCons. [MWh] heat consumed by the

consumers
QDHN [MWh] heat delivered to the consumers

from the central district heating
station

Qloss [MWh] heat losses
QN [W] available heat
QLowEx-Storage [kW] thermal power to low-exergy

storage
QStratified-Storage [kW] thermal power to stratified

storage
Tamb [�C] ambient temperature
Tcontrol [�C] limit temperature for the control

algorithm
Tflow [�C] flow temperature
TLowEx(TOP) [�C] temperature at the top of the

low-exergy storage
Tm [�C] mean temperature of the heat

transfer fluid
Treturn [�C] return temperature

Greek symbols

a1 [W m–2K–1] linear heat loss coefficient
a2 [W m–2K–1] quadratic heat loss coefficient
h0 [–] optical efficiency
hMeasurement [–] efficiency under real-term

working conditions
hTheoretical [–] efficiency according to datasheet

conditions

Abbreviations

CHP combined heat and power
COP coefficient of performance
DHN district heating network
DHS district heating station
EU European Union
GWP global warming potential
RE renewable energy
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