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Abstract

Prosumer-based district heating networks attract an increasing interest in energy research. There are numerous publications
addressing the prosumer integration into district heating networks with a focus on grid side operation. However, the operation
of the prosumer side has not been extensively investigated in the literature where bidirectional heat transfer stations, heat
generators, consumption and storages can be connected in different ways. These different connections have different influences
on the district heating network operation that require deeper analysis and understanding.

This paper evaluates the influence of using different prosumer side system configurations as well as their suitability for
prosumer-based district heating networks. Beginning with the characteristics of possible prosumer side configurations this
paper evaluates the applicability of these configurations according to the number of components and operational flexibility.
Subsequently, the most promising subset of the evaluated configurations are simulated in realistic scenarios using SimulationX®
software and its Green City toolbox to gain detailed insight into their operation and efficiency. The simulated configurations
are analyzed with respect to exportable excess heat, grid temperatures and the overall efficiency of the heat supply. The
configurations are studied in various scenarios that differ in heat generation type (heat pump, solar thermal collectors or
combustion device) and the necessary supply temperatures on the prosumer and grid side.

In conclusion, this paper provides a decision guidance to select the most suitable prosumer side configuration for a desired
district heating network and consumption temperatures.

(© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In order to reach the climate change goals of the Paris agreement, all energy sectors have to reduce their
emissions drastically, including the heating sector. Within the heating sector, district heating and cooling grids
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Nomenclature

RAVAY% 3-way valve

CG Combustion-based heat generators
DH Bidirectional district heating station
DHW Domestic hot water

HC Heating consumption

HG Heat generation

HP Heat pump

LTDH Low temperature district heating
ST Solar thermal collectors

TS Thermal storage

ULTDH Ultra low temperature district heating

are one promising aspect to reduce emissions [1]. District heating grids were introduced in the 19th century and
have evolved since then from high temperature steam grids to modern, low temperature systems, increasing their
efficiency step by step [2].

One possibility to further reduce the CO2 emissions of district heating system is to integrate prosumers.
Prosumers are market participants, who can produce and consume energy. In district heating grids, prosumers can
feed excess heat into the district heating grid, or extract heat from the grid, if it is more economic for them [3].
The excess heat ideally comes from low emission heat generators, such as solar thermal collectors, heat pumps
or combined heat and power units. The integration of prosumers or a decentralized heat supply can also reduce
heat losses due to lower transport distances [4]. The potential of prosumer based district heating stations is high
especially in areas with mixed building stocks [5].

Decentralized feed-in to the district heating grid results in several effects, not considered in standard district
heating grids. The decentralized feed-in can lead to a local drop of the supply temperature and a locally increased
flow velocity [3]. Also, the flow direction within the district heating grid can change due to different feed-in points,
resulting in a supply frontier in which there is no flow and thus the temperature drops, leading to stronger thermal
stress of the pipes [6]. This might require a transformation of today’s district heating networks into smart district
heating networks [3].

The integration of heat from prosumers demand a new approach for the district heating substation, especially since
different heat sources often require individual concepts. For the utilization of low temperature waste heat, a heat
pump can be used in the heat transfer station to raise the low temperature level of waste heat to the necessary heat
network temperature [7]. Decentralized heat pumps can also be used directly to substitute existing heat generators
in heat networks [8]. Another possibility for the use of heat pumps in the transfer station are so-called booster heat
pumps. This offers the possibility of using very low heat network temperatures. If heating and cooling are used
simultaneously, the waste heat or cold of the heat pumps can also be used very effectively by means of intelligent
control [9,10]. Several other publications discussed the integration of solar thermal collectors into prosumer-based
district heating systems. On the grid side, the three possible feed-in types are ‘return to flow’, ‘return to return’
and ‘flow to flow’, of which ‘return to flow’ is the option, chosen as the best by Mangold et al. [11]. Rosemann
et al. shows a control algorithm for a prosumer substation with solar thermal collectors, where the consumption
side connects both the collectors and the district heating grid [12]. Another approach is presented by Lamaison
et al. and Paulus et al. where the district heating substation works as hydraulic switch, connecting the consumer,
the solar thermal collectors and the district heating grid [13,14].

The above referenced publication made good progress with the prosumer district heating connection, however
their common assumption was a system without a storage. Nevertheless, can the introduction of a storage be
beneficial for heat prosumers because of the increased flexibility, especially for small scale district heating grids.
When using a storage, the number of possible combinations rises dramatically.

The influence of the house side of heat prosumers has not been studied to the best of our knowledge. Therefore,
this paper investigates which combination is best suited for different heat prosumers. First, the different components
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heat generators (HGs), heating consumption (HC), the district heating substation (DH) and the thermal storage
(TS) are characterized. Based on this characterization, various configurations are defined for a scenario analysis.
This scenario analysis simulates configurations with the different HG types heat pump (HP), combustion-based heat
generator (CG) and solar thermal collectors (ST). The results are used to rate the configurations and offer a guidance
to select the most suitable prosumer side configuration.

2. Prosumer system components

In this chapter, the different prosumer system components are described and possible restrictions for the usage
in a prosumer system are highlighted.

2.1. Heat demand

The heat demand consists of HC and domestic hot water (DHW) consumption.

HC can be classified into two temperature levels: Radiator panel heating, where the supply and return temperature
is 60 °C and 45 °C respectively and surface heating, where the temperature is 40 °C and 30 °C respectively. The
supply temperature of the HC is controlled by a mixing station to provide a constant temperature for the heating
system. The flow rate is controlled by a thermostat.

In order to decouple the DHW demand from the heat production, the DHW consumption is directly linked to
the TS. To prevent problems with legionella, the temperature of the DHW reservoir is restricted, e.g. the German
standard requires DHW to be heated to 60 °C or higher for DHW systems with a total content of more than 3
1[15].

2.2. Thermal storage

The integration of several TS tanks was excluded since heat systems normally only have one TS and to keep
the number of variants manageable. The TS can have several connections at different heights. This improves
the temperature layering within the TS, so that for example water layers with high temperature are at the top
separated from colder water layers and thus preventing exergy losses by the mixing of hot and cold water. The
temperature layering can be maintained very well during operation if loading and unloading is done correctly [16].
The temperature of the TS can be measured at different height levels.

In order to fulfill the hygienic requirements, the DHW circuit and TS are separated with an internal or external
heat exchanger. Fig. | shows the two possible DHW integrations.

b
Y

4
Cold Water

&5

4
Cold Water

Fig. 1. DHW storage integration (a) with external heat exchanger, (b) with internal heat exchanger.
2.3. District heating substation

The focus of this paper are district heating systems with low supply temperatures, which @stergaard et al.
classified as low-temperature district heating (LTDH) with supply temperature range between 50 °C and 65 °C
and ultra low temperature district heating (ULTDH) with a supply temperature range between 30 to 50 °C [17].

These temperature ranges define possible configurations. LTDH are able to provide a temperature level that fulfills
DHW demands and can thus be combined with high and low temperature HC and/or directly to the TS. ULTDH
in contrast cannot provide heat fulfilling DHW demands and requires an additional HG.
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2.4. Heat generators

For the comparison of prosumer system configurations, HGs are divided into three subgroups:

e HP, which have a constant temperature difference between supply and return temperature;
e volatile ST and
e CG with a controllable supply temperature.

Heat pumps:

With rising supply temperatures, the efficiency of HPs decreases. For this reason, the internal control of standard
HPs does not allow influencing the supply temperature directly, but runs at a constant temperature difference between
supply and return temperature to maximize the efficiency. In order to reach high supply temperatures, e.g. for DHW,
the return temperature has to increase accordingly. This can be done best by using the layering of the TS and
extracting the return water from a higher, warmer storage level.

When connecting the HP to the TS, two 3-way valves (3WYV) are used to switch between low and high
temperature operation. Fig. 2 shows a common configuration without the connection to DH according [18].

DHW

Fig. 2. Common HP integration.

Due to the bad efficiency of HPs at high temperature, only low temperature HC is considered.

Solar thermal collectors:
In contrast to other HG units, ST is a volatile HG, which means, it cannot be used as a single heat source. In
order to prevent ST from freezing during winter, antifreeze is added. This requires ST to be in a separate circuit,

where the heat is transferred with a heat exchanger, normally done in small heating systems with an internal heat
exchanger within the TS.

Combustion-based heat generators:

The supply temperature of CG, like condensing boilers or combined heat and power, can normally be controlled
directly and has little influence on the efficiency of the heat generation. The efficiency of a CG is mostly dependent
on the return temperature and rises due to the condensing effect, if the return temperature is lower.

3. Prosumer system combinations
The possible prosumer system combinations can be divided into three categories:

e Parallel combinations, where all elements are connected to the TS;
e Serial combinations, where three elements are connected in series;
e Mixed combinations, where parallel and serial features are realized.

An overview and preliminary characterization of 14 possible combinations is published separately [19]. Fig. 3
shows the 9 combinations that were chosen for further investigation. The other combinations were excluded due to
high estimated exergy losses, too little flexibility or because they are not usable in prosumer-based district heating
grids.

The combinations can be evaluated by the following criteria:

e Costs, related to the number of necessary components like pumps and valves or if special components have
to be used.

e Operational flexibility, defined by the flexibility to switch between heat extraction and feed-in and the flexibility
of controlling the feed-in temperature and power.
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Fig. 3. Parallel combinations (P1 to P5), serial combinations (S1 and S2) and mixed combinations (M1 and M2).

4. Scenario analysis

The combinations presented in the previous chapter are evaluated using a scenario analysis to identify the
configuration best suited for different heat prosumers. For this purpose, the configurations are simulated for the
different cases ‘extraction’, ‘no grid’ and ‘feed-in’.

4.1. Simulation model

In order to assess the performance of different prosumer side configurations, they are simulated using the
SimulationX® software. SimulationX is based on the modeling language Modelica. The integrated Green City library
provides a wide range of component models of state-of-the-art energy supply systems, including detailed models
of thermal components [20]. Most elements of the Green City library are accessible, thus making it possible to
customize individual simulation blocks. Pipe losses and insulation are neglected for the model as these are specific
to individual constructions and the paper aims at deriving general conclusions on the investigated configurations.

For the simulation, existing TS and HC models where used. The three different HG models were derived and
the control strategy of Section 4.2 was implemented. The DH simulation block was split into a DH-feed-in block
and a DH-extract block. Fig. 4 presents the framework of one prosumer system configuration.

DH Substation

extract Feedln

: | 1 | e =

Fig. 4. Model of a prosumer with a HP and the configuration PS5.
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4.2. Control strategy

The control strategy of the DH was based on the strategy of Rosemann et al. [12], where the volume flow of the
pump on the prosumer side operates with a constant flow rate. The flow rate on the grid side is controlled to reach
the supply temperature on the prosumer side when extracting heat and to reach the supply temperature of the grid
side when feeding in. When classifying the feed-in potential, the control strategy tries to feed in as much heat as
possible.

The criteria for feed-in or extraction are:

e Feed-In:
Switched on: Typrage.0p > 60 °C + AT and Tyorage midaie > 40 °C + AT
Switched off: Tyorage.r0p < 60 °C 0F Tyiorage midae < 40 °C
e Extraction:
Switched on: Tsiorage,iop < 55 °C or Tsoragemidate < 40 °C
Switched off: TStorage,bottom > 55 OC/4O °C

Information about the control strategy of HG is difficult to assess, since most manufacturers do not share their
individual control strategy. For this reason, a relatively simple control strategy is chosen, which only considers the
temperature of the TS at different layers, which to our knowledge represents a common control philosophy for
HGs, as for example implemented at [21]. Since the purpose of the scenario analysis is to determine the potential
of the different configurations independent of the control strategy, a simple and similar control strategy between the
different HG types is beneficial. The control strategies are implemented as follows

Heat pump (HP):

o Switched on with T,p hign When Tsiorage.rop, Hpin < 60 °C, switch off when Tsiorage, rop, Hpour > 60 °C
o Switched on with Ty, 1o, When Tsorage. midgate < 40 °C, switch off when Tsorage, potiom > 40 °C

o If the switch on conditions for Ty, 0w and Tgp pign are true, Tg,p pign is produced.

e The volume flow is controlled to have a temperature difference of 10K between Ty, and T,.,.

Combustion-based heat generator (CG):

o Switched on when Tsorage,iop < 60 °C O Tsiorage, midate < 40 °C, switch off when Tyrage, bortom > 60°
e The volume flow is controlled to have a constant supply temperature of 70 °C.

Solar thermal collectors (ST):

e The ST pump is switched on, when the collector temperature is bigger than the TS inlet temperature.

e The volume flow is controlled to reach the specified supply temperature or switched off, if the TS reaches its
maximum temperature.

e The supply temperature is defined as Ty,, = 60 °C if the TS inlet temperature is lower than 60 °C to provide
water for DHW as efficient as possible. When the inlet temperature is above 60 °C, Ty, is changed to 80 °C
to further charge the TS.

In order to reduce losses during summer, when no heating, but only DHW is required, the TS is only charged
at the top half.

4.3. Scenario cases

The scenarios are simulated for a whole year. The HC is defined by a five-person household with different
temperature levels: 40/30 °C (HC low) and 60/45 °C (HC high) according to 2.1. The DHW consumption is used

according to the model of Jordan et al. [22]. The TS has a volume of 750 1 and an internal heat exchanger for DHW
and ST, if used.

The HG are sized to cover the load of the building:

e HP: 10 kW at T}, =40 °C
e CG: 10 kW
e ST: flat plate collector with 12 m? collector surface
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As described in 2.3, two different temperature levels where assumed for the DH grid. ULTDH with a supply
temperature of 45 °C and LTDH with a supply temperature of 65°.
In order to classify each configuration, the scenarios are run in three different operation phases:

e No Grid:
In this case, the heat is provided solely by the HG and is neither fed into the grid nor extracted from it in
order to determine the efficiency of the configuration.

e Feed-In:
For the case of feed-in, the potential of the configurations to provide heat to the grid will be assessed. In
order to make a preselection for further holistic studies, we only examine the prosumer side possibilities in
this paper. Therefore, the maximum, grid-independent feed-in potential is calculated and the HG is operated
as constant as possible in order to feed as much heat as possible into the grid. In reality, however, the feed-in
is strongly dependent on the current grid conditions. The return temperature of the grid is assumed in this
scenario constant at 45/30 °C

e Extraction:
In the extraction scenario, the demand should be covered by the heating network. When using ULTDH, the
HG can support to provide the temperature level required for DHW.
In this scenario, the grid supply temperature is assumed constant at 65/45 °C.

4.4. Evaluation

For each operation phase, the efficiencies are evaluated. When no grid is connected, the efficiency 1,4 ¢ria is
calculated based on the heat demand Ep,panq and the fuel consumption of the HG E fy/ no gria:
Nno grid = M (l)
Efuel,m)grid
The feed-in potential is described by the total amount of energy, fed into the grid over the year Ef..q;n. The
feed-in efficiency 7 feeq—in is calculated on basis of the additional fuel amount necessary to produce E feeq—in. For
the additional fuel amount, E f,/ nogriq 15 subtracted from the fuel amount of the feed-in scenario E pyer, feed—in:

E eed—in

N feed—in =
Efuel,feed—in - Efuel,nogrid

When extracting heat from the grid, the return temperature should be as low as possible. Therefor the average grid
return temperature 7, 4-i¢ is important to evaluate the configuration. Another criterion is the extraction efficiency,
which can be calculated by dividing Epemana by the amount of energy, extracted from the grid E.iyacrion plus the
fuel amount E ¢y exiracrion, 1f NEcessary.

EDe nand
Nextraction = . (3)

Eextraction +E fuel extraction

5. Results

All simulation results are published in more detail in [19].

Fig. 5 shows the results of all configurations using a CG. In this case, configuration P1 is in general the best
choice. With this configuration the highest degree of flexibility is obtained, since the feed-in and consumption
temperature level does not depend on the TS condition, but can be directly influenced. Due to low return temperature
on the prosumer side and low TS losses, the efficiency for ‘no grid’ and ‘extraction’ are best and the return
temperature on the grid side during ‘extraction’ is lowest. Since the ULTDH grid cannot provide heat that meets
the temperature requirements of DHW, the CG must generate the necessary heat in this case as shown in Fig. 5c.

If the goal is to achieve the highest possible feed-in, configuration S1 might be interesting for the CG at a low
temperature level of the HC (blue scenario). Another advantage is that fewer components are needed, which saves
costs. However, the flexibility for ‘feed-in’ is limited, since this is only possible when the CG is active and the TS
is sufficiently filled for the DHW demand. The high return temperature during ‘extraction’ is another disadvantage.

When using a HP, only P2, P5 and P5* are possible, since it must be connected directly to the TS. P5* is the
same configuration as P5 but with an additional 3WYV in the return line, so that the return flow of the DH can be
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Fig. 5. Simulation results of the CG: Results lie in the range indicated by the different lines; the line color represents different scenarios; two
promising configurations, P1 and S1, are marked separately. (a) shows the efficiency for the different operation phases ‘extraction, ‘feed-in’
and ‘no grid’, (b) shows the averaged return temperature during ‘extraction’, (c) the additional gas power necessary for the CG to heat up
water to DHW temperature when the grid is too cold for ‘extraction’ and (d) shows the maximum feed-in potential during ‘feed-in’. . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

fed in at different TS heights. Fig. 6 shows the results for this generator. The efficiency for the scenario ‘no grid’
is the same for both configurations with an averaged efficiency (COP) of 3.83.

a) Extraction X <

Feed-in X XK X

1 1,5 2 2,5 3 3,5
n [

b) * x € x d) | x—xx

D —— »—X X

32 34 36 38 0 500 1000 1500 52 54 56 58 60 62

TrelGrid [BC] Ee\ec, HP, extraction [kWh] Efeed—in [MWh]
LTDH + low temp. HC =~ === ULTDH + low temp. HC X P2 X P5 X P5*

Fig. 6. Simulation results of the HP: Results lie in the range indicated by the different lines; the line color represents different scenarios;
the possible configurations P2, P5 and P5* are marked separately. (a) shows the efficiency for the different operation phases ‘extraction and
‘feed-in’, (b) shows the averaged return temperature during ‘extraction’, (c) the additional electric power necessary for the HP to heat up
water to DHW temperature when the grid is too cold for ‘extraction’ and (d) shows the maximum feed-in potential during ‘feed-in’. . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The results show further that the main use case of the prosumer has to be chosen in advance in order to decide
for the ideal configuration. If the prosumer extracts heat more often from the grid than it feeds in, P2 is the better
choice. This configuration results in a lower return temperature on the grid side and a slightly higher efficiency. In
a ULTDH grid, the HP however has to provide more additional heat to reach the DHW temperature level.

If the main purpose is to feed-in excess heat into a LTDH grid, P5/P5* is the better configuration. The efficiency,
and feed-in potential is significantly higher in this case. P5* shows better results than P5, so it is advisable to use
an additional 3WV. The results show that apart from increasing the efficiency due to the better layering, the feed-in
criteria for switching off is exceeded less often.

For ST collectors, the simulation was done with a TS with an internal heat exchanger. This means, that only
P2 and P5 are possible configurations. The results show, that both configurations show little difference in their
efficiency and yield. The return temperature during extraction is, similar to the HP configuration, slightly better at
P2.
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Varying return temperatures on grid and house side showed for all types of HG that this shifts the results to a
higher or lower level, but does not change the overall characteristics of the configurations.

Fig. 7 shows the daily feed-in potential of HP and CG and the average daily temperature over a time period
of 20 days. It can be seen that the feed-in potential follows the temperature closely, since a high heat demand at
low temperatures leaves only little capacity for feeding in heat. If a high feed-in potential during cold periods is
required for the network, the HG should be oversized compared to dimensioning for standard operation.
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Fig. 7. Daily averaged feed-in potential of CG and HP in comparison with the ambient temperature.

6. Conclusion

The presented paper studies possible prosumer system configurations for HG, DH, TS and HC. The results
provide an argumented decision guidance to select the most suitable prosumer side configuration for the desired
HG, district heating network and consumption temperatures. Two configurations were identified in the scenario
analysis, which in general suited best.

The configuration in which all components are directly connected to each other achieves the lowest return
temperature and lowest storage losses. For a combustion-based HG, this leads to the highest efficiency due to
the utilization of the condensation effect. This configuration also has the lowest return temperature on the heat
grid side. This result reflects the best practice recommendations given by engineering offices and plumbers in the
context of the planning of the CoSES laboratory environment at TU Munich [23]. It was recommended to use a
completely parallel setup (P1). However, there are no reference papers or guidelines available on how to integrate
thermal storages that would be suited to verify our results.

Since a direct connection of HP or ST with HC or DH is not possible, a different configuration must be chosen
in which the HG is connected directly to the TS. At high grid temperatures, using of a 3WV between DH return
flow and the inlet to the TS increases the efficiency of heat extraction from the network.
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