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Abstract—Combined heat and power (CHP) plants are the
main supply source in Germany’s district heating systems (DHS).
Usually the generated power is fed into the power grid. Because
CHP plants normally come along with thermal storages the heat
supply operation is flexible, so that the electricity production can
be optimized, e.g. by producing at times with attractive in-feed
tariffs. However, in the course of the necessary transformation
of all energy systems, renewable energy sources are increasingly
being integrated into existing infrastructures. DHS operators
are also involved in the expansion of renewable heat, e.g. by
implementing solar thermal plants or large-scale heat pumps.
In order to increase the share of renewable energy in DHS,
thermal storage operation becomes essentially important. On the
one hand, as much renewable heat as possible should be used
or stored and on the other hand, CHP plants must run and
fill t he s torage i f t he r ecoverable a mount f rom t he electricity
sector is economically justifiable. B oth i mply 1 ess f ree storage
capacity, whereas the chronological harmonization of loading
and unloading plays an important role. The contribution of this
paper is an analysis on different operation strategies for thermal
storages to increase the share of renewable energy in urban DHS.
Furthermore, the influence of heat load prediction and electricity
price forecasting on thermal storage operation is derived. Results
of a comparison of typical storage operation methods on a use
case show that under the current legal framework conditions
a flexible t hermal s torage o peration i s e ligible t o m eet several
targets, i.e. increasing the share of renewable energy, securing the
supply of heat to the DHS and ensuring an economic operation
of the entire portfolio.

Keywords—Cogeneration, District Heating, Renewable
Heating, Sector Coupling, Thermal Storage Operation

I. CHALLENGES OF THE GERMAN ENERGY TRANSITION

As part of the German Energy Transition, renewable ener-
gies are increasingly being integrated into the energy supply.
The focus here is particularly on the electricity sector: the
share of renewable energies in Germany’s gross electricity
consumption was increased from 3.4 % to 37.8 % in the years
1990 to 2018 [1]-[3]. However, a large part of the German
primary energy demand is attributable to the heating sector.
Although the heating sector has great potential for saving
CO,; emissions, the share of renewable energies in the heating
supply has stagnated at around 14 % since 2012 [3]. For this
reason, the share of renewable energies in the heat supply
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is to be significantly increased in future, among other things
by new subsidy programmes of the Federal Government.
District heating systems (DHS) offer a possible solution,
as they create the possibility of decoupling heat generation
and heat consumption spatially. In this way, renewable heat
can be transported to densely populated urban areas where
either no renewable heat sources are available or renewable
heat generators cannot be realized or are difficult to realize
due to lack of space. Especially in densely populated urban
agglomerations, different land uses are in competition [4].

II. COMPONENTS OF HEAT SUPPLY SYSTEMS

A large part of the German district heating systems is
supplied by combined heat and power (CHP) plants. In 2018,
the share of CHP plants in the total heat input was about 80 %
[5]. The electricity generated in the CHP process is fed into
the grid or used for self-supply. In addition to the CHP plants,
such systems are also equipped with boilers to cover peak
loads and thermal storages to offer the possibility to buffer
the heat when it is not used directly (Figure 1).
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Fig. 1. Representation of traditional energy supply components in district
heating systems.

In the case of locally or regionally operating energy supply
companies, which are the focus of the following considera-
tions, the stock exchange electricity price is usually used as
the reference variable for the operation of the CHP plants. If
a high revenue can be achieved from the electricity fed into
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the power grid, the CHP plants are operated. This requires
a sufficiently large heat sink so that the CHP plant can be
operated at maximum (cost) efficiency. If there is only a low
heat demand by the consumers of the heat network, a thermal
storage offers a further degree of freedom for the operation of
the CHP plant [6].

Depending on the heat storage capacity, the operation of
CHP plants can be ensured over longer periods of time
even if (in the extreme case) there is no heat demand from
the consumers. Existing systems are accordingly designed
with a focus on efficient operation of the CHP plant as
their central element (cf. [7]-[10]). A characteristic feature
of many renewable energy generation plants is fluctuating
generation. The prognosis of the fluctuating generation of
renewable energy plants (especially wind and solar energy)
is usually associated with great inaccuracies. Moreover, due
to high outside temperatures in the summer it is often the
case, that solar thermal heat generation is mainly used when
the heat demand is low. In order to nevertheless achieve a
high proportion of renewable energies in the heat supply, the
heat storage system is therefore of central importance (cf. [11],
[12]).

In addition to normal heat storages which are used to
buffer heat for a short period, seasonal heat storages are also
implemented in the heating sector, with which heat generation
and heat consumption can be decoupled over several months
(cf. [13]-[15D).
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Fig. 2. Representation of an improved energy supply for district heating
systems considering integrated renewable energy.

The integration of renewable heat generators into existing
systems is correspondingly linked to the problem that the
storage strategy was developed considering the operation of
the CHP plants, as these had previously represented the
central element of the described energy systems. Without an
adjustment of the heat storage operation strategy (essentially
the loading and unloading phases), it may happen that the
heat storage has been filled by the CHP plants and no free
storage capacity for renewable heat is available, which leads
to a low heat coverage ratio of the renewable heat generators.
This problem arises mainly with non-regulable solar thermal
systems, which are the focus of the following analysis. An
obvious solution is the use of an additional heat storage only
for the solar thermal systems. However, in densely populated,
urban agglomerations there is rarely sufficient space available,
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which is why the installation of an additional heat storage
to buffer the fluctuating renewable heat generated is rarely
possible.

III. SOLUTION APPROACH

One possible solution is to modify the conventional heat
storage operation strategy, which focuses on the CHP plant.
In the following paper, in addition to the initial strategy,
four further options for structured loading and unloading of
heat storages are presented, with the help of which the heat
coverage ratio of the renewable heat generators is to be
increased without an additional storage system. In general,
this research is based on the approach proposed in [16].

A. Storage operation strategy 1 (reference)

The initial strategy is used for controllable cogeneration
plants. The heat storage serves as an additional heat sink and
is always loaded by the CHP unit when the heat demand of
the grid as a heat sink is not sufficient for the operation of
the CHP unit. It is discharged to reduce the operating times
of the peak load boiler and to reduce the start-stop operation
of the CHP plant.

B. Storage operation strategy 2

In the first modification of the initial strategy, storage
operation strategy 2 limits the loading phase to periods with
high solar radiation. As can be seen in figure 3, storage
charging is only possible between 07:00 a.m. and 09:00 p.m.
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Fig. 3. Representation of storage operation strategy 2.

C. Storage operation strategy 3

Storage operation strategy 3 combines strategies 1 and 2. In
storage operation strategy 3, strategy 2 is not used throughout
the year but for a fixed period of time. In the other months, the
heat storage is operated using strategy 1. The switchover time
is adjustable. For the following case study, the switch from
strategy 1 to strategy 2 takes place in the middle of March
and reverses in the middle of September.

D. Storage operation strategy 4

A concrete control of the heat storage depending on the heat
demand is done by means of strategy 4. As soon as the heat
storage filling level is sufficient to cover the heat demand, the
heat storage is discharged. Loading by controllable generation

95



ATLANTIS

loading unlimited loading limited solar radiation heat load
1.000 1.000

o 800 800

E

B z
2

T 60 600 X

S °

2 ]

T a0 w g

5 2

8 200 { 200

Fig. 4. Representation of storage operation strategy 3.

plants is not possible in this unloading phase. This strategy
increases the loading and unloading cycles of the thermal
storage accordingly. To increase the solar heat coverage ratio,
the integration of solar thermal heat is possible without any
restrictions.
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Fig. 5. Representation of storage operation strategy 4.

E. Storage operation strategy 5

Finally, the heat storage is controlled in strategy 5 by means
of minimum and maximum fill levels. Thus, the storage is
charged in a charging phase up to a filling level that is to be
fixed (in the following 100 %). If this filling level is reached,
the heat storage is discharged in a discharge phase up to a
specified minimum filling level (in the following 10 %). In the
discharge phase, charging by controllable generating plants is
not possible. Again, to increase the solar heat coverage ratio,
no restrictions apply to the integration of solar thermal heat.
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Fig. 6. Representation of storage operation strategy 5.
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IV. APPLICATION TO A REAL USE-CASE

In the following, the five heat storage operation strategies
are to be applied to a real neighbourhood in order to be able to
analyse the influence on the heat coverage of the controllable
and fluctuating heat generation plants. Therefore, an urban
quarter in the Ruhr area with 22 residential buildings, whose
heat supply is provided by a third-generation heat network,
is considered (cf. [17], [18]). The consumers are exclusively
residential properties and mainly apartment buildings. The
supply temperature of the heating network is 75 °C all year
round with a target temperature spread at the consumers of
25 K. The minimum network load to be operated, which is
adjusted on the basis of the mass flow rate, is about 54 kW
(due to the provision of domestic hot water, the network load
does not fall below the domestic hot water base). The annual
maximum load is about 375 kW and occurs in the hours
with the lowest outside temperature. The operation of the heat
generation plants is essentially based on the required grid feed-
in, which is determined by the heat demand of the consumers
and the heat losses during distribution. In the case of CHP
plants, the stock market price of electricity is also considered
as a further reference variable. This means that the CHP unit
can only be operated if the stock exchange electricity price
exceeds a certain border price. The amount of this price is
chosen depending on the marginal costs of the CHP plant.
For this case study, the stock exchange price for base-load
electricity from 2019 is taken into account [19], [20]. In order
to show the influence of CHP plants on the solar heat coverage
ratio, a CHP plant whose thermal output corresponds to about
50 % of the peak load is considered as well as a significantly
more powerful plant. The performance data of the plants can
be found in table I.

TABLE 1
ENERGY SUPPLY DATA OF CHP PLANTS

CHP 100 % load / kW | 75 % load / kW | 50 % load / kW

electricity | heat | electricity | heat | electricity | heat
unit 1 140 212 100 165 85 147
unit 2 238 363 179 298 119 220

A sensitive heat storage with a capacity that roughly corre-
sponds to the heat requirement of a winter weekend is used as
a heat storage. For comparison purposes, this capacity is not
adjusted despite the integration of renewable solar thermal heat
generators.

The extension of this system to include renewable heat
generators is based on vacuum tube collectors, whereby data
from the collector VTK 1140/2 from the company Vaillant
based on the published Solarkeymark certification were taken
into account [21]. A collector field with a surface area of
2,400 m? is considered, which results in a gross collector
surface area of 1,200 m?2 at a land use factor of 0.5 (cf. [22],
[23]), which is usual for solar thermal systems. Since the
heating network is operated with a constant supply temperature
of 75 °C, the integration of solar thermal heat is only possible
when the collector temperature, which is determined hourly,
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exceeds the network supply temperature plus the degree of
efficiency of the heat exchanger of 5 K. Accordingly, the solar
thermal systems can only be used from a collector temperature
of at least 80 °C. Both outside temperatures and direct and
diffuse solar radiation in hourly resolution are taken from
the data of the German Meteorological Service (Deutscher
Wetterdienst — DWD) at the heating network site [24]. The
results of the simulation of the plant operation for conventional
supply by means of a CHP plant and peak load boiler are
shown in table II.

TABLE II
SIMULATION RESULTS OF REFERENCE SCENARIO

CHP unit 1 | unit 2
full load hours 4,324 3,889
operating hours 4,356 4,000

starts 484 611
heat coverage ratio / % 54.55 87.90
fuel / MWh 1,677 2,627

fuel (boiler) / MWh 751 214

By taking the (day-ahead) stock exchange electricity prices
into account as an operation criterion for CHP plants, the
heat coverage rate of CHP unit 1 (medium load unit) is less
than 60 %. Despite a similar number of full-load hours, CHP
unit 2 can meet almost 88 % of the heat demand, which is
due to its higher thermal output. With a CO, emission factor
of natural gas of 201 g/kWh [25], the CO, emission from the
operation of the supply facilities, excluding an electricity credit
for electricity generated in CHP operation, is 1,488 t/a at CHP
unit 1. The operation of CHP unit 2 results in CO, emissions
of 571 t/a.

Figure 7 shows the heat storage filling level during the
course of the year when using the various CHP plants. It is
clear that the heat storage is filled completely early in the year
without the control of the storage operation (correspondingly
using storage operation strategy 1), especially when using the
high-performance CHP plant. Using CHP unit 2, the annual
average heat storage filling level is almost 54 % (almost 10 %
with CHP unit 1). Especially in the low-load summer months,
the heat storage is often completely filled by the CHP unit.
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Fig. 7. Simulated storage levels for several CHP units.

The integration of solar thermal heat is severely limited by
the permanently increased filling level and the partial complete
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filling of the heat storage in the summer months. The four
other heat storage operation strategies are intended to remedy
this situation. If a solar thermal plant with a gross collector
area of 1,200 m? is integrated into the system with only one
central heat storage, the efficiency of the overall system varies
greatly depending on the heat storage operation strategy used.

Table III shows the simulation results for the high-
performance CHP unit 2 (results of CHP unit 1 can be found
in the appendix). The initial heat storage strategy leads to a
solar heat coverage ratio of 14.84 %. By adapting the heat
storage operation strategy, a higher solar heat coverage ratio
can be achieved in each of the variants presented, provided
that a central storage system is used. The greatest effects
are achieved by using storage operation strategy 4, where the
highest solar coverage ratio is achieved. However, it must be
critically considered that, with the limitation of the operation
of the CHP plants, the share of boiler heat in the heat network
increases in addition to the solar heat coverage ratio. This is
due to the fact that there are often times when the generation
of the solar thermal plants and the heat storage filling level
are not sufficient to fulfil the heat supply task, while at the
same time limiting CHP plant operation. Accordingly, it is
imperative to use the boiler.

TABLE III
SOME RESULTS FOR CHP UNIT 2

CHP unit 2 strategy 1 | strategy 2 | strategy 3
full load hours 3,391 3,212 3,314
operating hours 3,521 3,415 3,447
starts 624 525 542
heat coverage ratio (CHP) / % 76.16 72.69 74.49
heat coverage ratio (boiler) / % 9.04 11.09 9.44
heat coverage ratio (solar) / % 14.84 16.21 16.11
fuel (CHP) / MWh 2,294 2,183 2,243
fuel (boiler) / MWh 160 196 167
CHP unit 2 strategy 4 | strategy 5
full load hours 1,859 2,882
operating hours 1,859 2,882
starts 839 328
heat coverage ratio (CHP) / % 41.49 64.09
heat coverage ratio (boiler) / % 36.22 17.30
heat coverage ratio (solar) / % 21.97 18.82
fuel (CHP) / MWh 1,250 1,933
fuel (boiler) / MWh 641 306

On the basis of the level curve shown in figure 8 when
using the powerful CHP unit 2 for the various heat storage
operation strategies, it is clear that the large number of loading
and unloading cycles in strategy 4 lead to continuously lower
heat storage filling levels, which can reduce the heat losses
of the storage. Furthermore, this operating strategy enables
the realization of storage facilities with lower capacity despite
the simultaneous integration of heat from conventional and
fluctuating renewable generation plants.

The integration of solar thermal heat leads to a reduction in
fuel requirements, regardless of the storage operation strategy.
This reduction is most pronounced in the case of storage

97



ATLANTIS
PRESS

14000
12.000 \NI‘”“ \\ Mrw‘f‘““ T “;w\“‘“ﬂ“m ft T { w“w“n‘v\"“\‘f
i MM ! "y
! 4}
i | y’ ‘\ |
1N

10.000

heat storage filling level / kW
2 2 0=
8 8 8

g

0 1.000 2,000 3.000 4.000 5.000 6.000 7.000 8.000
time /h

Fig. 8. Simulated storage levels for the powerful CHP unit.

operation strategy 4, which is due to the severe restriction
of the CHP plant operation.

However, it should be noted here that the highly efficient,
coupled generation of electricity and heat in the CHP process
was not taken into account in this case and that the reduction
in fuel requirements is not only due to the high solar heat
coverage ratio but also to the high proportion of boiler heat
(the boiler efficiency equals 90 %). Particularly against the
background of the energy system transition, a high degree of
heat coverage by simple boiler firing should not be aimed for.

V. CONCLUSION AND OUTLOOK

The consideration of the heat sector plays an important role
both for achieving the goals of the German energy system
transition and for the international climate targets. By integrat-
ing renewable energies into the heating sector, CO, emissions
from decentralized combustion plants can be reduced and the
primary energy requirement and use of conventional fuels in
the heating sector can be decreased. Heating networks are a
good way of distributing renewable heat in urban, densely
populated agglomerations, as they decouple heat generation
and heat consumption spatially.

If existing, conventional district supply systems are ex-
tended by renewable heat generators, it is essential to adapt
the operating mode of the systems so that conventional and
non-controllable, renewable heat generators do not restrict
each other in their operation. In systems with a central heat
storage, the heat storage represents a central control variable.
In conventional systems, the heat storage is regarded as a
heat buffer option for making plant operation more flexible
and to prolonging it as well. But when integrating fluctuating,
renewable heat generators, the storage operating strategy must
be adapted. In the context of this contribution, four further
variants were presented in addition to the conventional heat
storage operation strategy, with the help of which the heat
coverage ratio of the regenerative, non-controllable heat gen-
erators should be increased. In addition to a time limitation
of the heat storage loading phases during the course of the
day and the year (strategy 2 and strategy 3), the use of many
short-term loading and unloading cycles as well as constant
loading and unloading phases was considered (strategy 4 and
strategy 5).
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For practical evaluation, an urban agglomeration with a
district heating network was considered in a case study. For a
comparison, the heat supply of the 22 residential units was
based on conventional CHP plants in combination with a
heat storage and a peak load boiler. In addition to the heat
requirement of the heating network based on the requirements
of the consumers and the heat losses of the grid, the stock
exchange electricity price was also used as a reference variable
for the operation of the CHP plants. The heat storage was used
to buffer the heat from the CHP plant (temporary increase
of the heat sink, strategy 1). The consideration of the heat
storage filling level in the course of the year has shown that
with the storage operation strategy 1, a complete filling of the
heat storage occurs particularly in the load-weak months in
the summer time. When integrating solar thermal heat, this
storage filling should be avoided so that high coverage rates
of renewable heat generators can be achieved.

Another heat supply solution was the expansion of the
existing system by a solar thermal plant with a gross collector
area of 1,200 m2 If the storage operating strategy is not
adapted, the fuel requirement can be reduced, but it is not
possible to achieve a high solar heat coverage ratio. In all four
strategies considered, the subsequent adjustment of the heat
storage operation led to an increase in the solar heat coverage
ratio and to a reduction in fuel purchases (compared to the
initial strategy). However, it must be critically evaluated that
in addition to the solar heat coverage ratio, the heat coverage
ratio of the boiler was also increased. Accordingly, a further
adaptation of the heat storage operation strategies should take
place against the background of a simultaneous increase in
the solar heat coverage ratio and minimization of the heat
coverage ratio of conventional, uncoupled heat generation. One
starting point is the integration of forecasts into plant operation
planning.

APPENDIX
TABLE IV
SOME RESULTS FOR CHP UNIT 1
CHP unit 1 strategy 1 | strategy 2 | strategy 3
full load hours 3,962 3,849 3,863
operating hours 3,988 3,904 3,906
starts 548 507 507
heat coverage ratio (CHP) / % 51.49 50.09 50.23
heat coverage ratio (boiler) / % 31.06 31.40 31.25
heat coverage ratio (solar) / % 17.07 18.13 18.13
fuel (CHP) / MWh 1,529 1,487 1,492
fuel (boiler) / MWh 550 555 553
CHP unit 1 strategy 4 | strategy 5

full load hours 2,873 3,523

operating hours 2,873 3,526

starts 450 386

heat coverage ratio (CHP) / % 37.37 45.64

heat coverage ratio (boiler) / % 40.17 34.53

heat coverage ratio (solar) / % 21.97 19.67

fuel (CHP) / MWh 1,107 1,358

fuel (boiler) / MWh 711 611
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