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Abstract: This study compares two district heating substation systems for implementation in rural
district heating networks with non-retrofitted single- and two-family houses. The aim is to determine
which system has the potential to provide lower return temperatures and/or lower power peak
demand. A hardware-in-the-loop-test rig was utilized to measure the two district heating substations
under real operation conditions. This experimental study demonstrates that load balancing of
the district heating network is attainable with the district heating substation with storage. This is
especially advantageous when there is a high demand for domestic hot water. Overall, both systems
yield comparable return temperatures.

Keywords: district heating substation; local district heating network; non-retrofitted single- and
two-family-houses; thermal hardware-in-the-loop test rig

1. Introduction

This study compares district heating substations (DHSs) for single- and two-family
houses (SFH, TFH) to determine which system is more suitable for use in a local district
heating network (DHN) primarily consisting of SFH and TFH. DHSs with lower return
temperatures have the potential to reduce heat loss, pumping power, and pipe diameters. A
hardware-in-the-loop test rig (HiL) is used to conduct a dynamic comparative measurement
of the DHS for SFH and TFH. Previous research has examined the effect of building
technology (the term building technology includes DHS and the control of the heating
and domestic hot water system) on reducing return temperatures in DHNs and identified
a significant impact. Henke et al. [1] measured seven innovative domestic hot water
(DHW) systems for multi-family houses. Three of the seven systems delivered average
return temperatures below 35 °C. The most cost-effective of the three systems already
amortized itself after one year due to the lower return temperatures. Gustafsson et al. [2]
proposed an optimal control strategy for the radiator system temperature with the potential
to reduce return temperature by up to 4.8 °C compared to temperature control strategies
based solely on outdoor temperature. The authors established the optimal radiator system
temperatures for various DHN feed temperatures by minimizing the volume flow in the
radiator system. This generated a novel radiator system control curve based on the primary
supply temperature, thereby maximizing the temperature difference between supply and
return. Van Oevelen et al. [3] investigated the influence of an optimized secondary side
radiator flow temperature on the DHN in different operating cases:

High-temperature DHN feed of 95 to 63 °C;

Low-temperature DHN feed of 65 bis 48 °C;

Oversizing the heating system design.

In the high-temperature case, the average DHN return temperatures can be lowered
by 6 °C, while in the case of low DHN feed temperatures, only 2.6 °C can be achieved. With
100% oversizing of the heating system design, the return temperature could be reduced by
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9.8 °C. This combination of measures ultimately led to a maximum decrease in the return
temperature of up to 18.2 °C. Siuta-Olcha et al. [4] demonstrated the benefits of replacing
a bifunctional area substation with compact heat exchanger heat stations with weather
automation in 13 multi-family buildings connected to the DHN. In particular, the use of
a weather monitor in the area substation resulted in a 23.6% reduction in corrected heat
consumption in one heating system the following year. Additionally, the conversion of the
area substation to individual substations in the buildings was found to have reduced actual
heat consumption for tap water needs by an average of 29% over 10 years. Tahiri et al. [5]
developed a two-stage proportional gain control concept and tested it in a multi-story
residential building. The results from the field test indicated a 7 °C reduction in the energy-
weighted DHN return temperature and a 23.6% decrease in the total DHN flow compared
to the conventional thermostatic control. Vannahme et al. [6] discovered that replacing
thermostatic valves with digital controllers in DHS has a significant effect on reducing
return temperatures by up to 20 K. The results of all these studies indicate potential for
improving the efficiency of DHN systems through further advancements of state-of-the-art
DHSs. The study at hand presents a metrological comparison between a standard DHS and
a novel one in order to provide input for the further development of DHSs for SFH/TFH.

This section will provide an overview of DHSs available for SFH/TFH, followed by a
discussion of the newer DHS concept. In Germany, two common types of DHS systems
are used in local DHNs, wherein the main consumers are SFH and TFH: continuous-flow
system (CFS) and storage system (SS) (the abbreviations CFS and SS were not defined by
the authors; they are taken from [7]) [7,8] (Figure 1). Parallel or one-stage connection is the
term used for CFSs in Sweden [9]. According to [10], CFSs require high thermal power for a
short period of time to meet DHW demand. During a DHW cycle, CFSs enable low return
temperatures to the DHN. SSs are characterized by lower connected loads and the balancing
effect of the storage capacity, which occurs mainly during DHW withdrawal. However, the
space requirement, the higher return temperatures, and the potential for contamination of
drinking water must be taken into consideration as potential disadvantages.
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Figure 1. Standard DHS systems for SFH: (a) Continuous-flow system (CFS), (b) Storage system (SS).

This study investigates a newer concept of a DHS referred to as Storage-DHS (SDHS)
(Figure 2). The SDHS is designed to offer the benefits of load balancing and low return
temperatures. It consists of a thermal storage with a capacity ranging from 500 to 1000 liters.

Thermal stratification that is optimized within a storage can result in a decrease in
the return temperatures. The high storage capacity of DHNs reduces the peak power re-
quirement which subsequently results in a reduced volumetric flow rate and pressure drop
within the DHN. Furthermore, this leads to a decrease in the electric energy consumption of
the central circulation pump when compared to CFSs. Heating of DHW is achieved hygien-
ically via an external plate heat exchanger, referred to as a ‘fresh-water module’. SDHSs
exhibit increased thermal losses in comparison to CFSs due to the stored heat. An SDHS can
be configured with a constant low volumetric flow rate, which has the benefits mentioned
above for the DHN. Other charging strategies can also be implemented, depending on
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the type of DHN and consumer, such as the schedule-based charging discussed in [11,12].
Ref. [13] examines the effects of an SDHS on a local DHN with a simulation model. Labora-
tory testing, as employed in the study presented here, provides the capability to measure
natural thermal mixing within the storage. Additionally, it enables the investigation of
realistic DHW withdrawal processes. Recent years have seen an increase in the use of
the HiL method to analyze hydraulic heating systems (Table 1). This approach integrates
simulation-based and metrological analyses to facilitate the optimal development of novel
components or systems. El-Baz et al. [14] conducted an energy and dynamic analysis to
investigate the potential benefit of HiL and the requirement for dynamic analyses. DHSs
were tested by Al Koussa et al. [15]. They constructed a test rig to evaluate and enhance
the performance of existing DHS for use in 4th generation DHN. The results indicated that
improvements are necessary for DHW production at lower DH supply temperatures.

DHN feed) eating supply

heating return

DHN return _@_ DCW

A

00 O

Figure 2. Storage substation with freshwater and stratification module.

Table 1. Research on thermal component HiL test rigs.

Research Focus Reference
General Approach
Real-time simulation for heating systems [14]
Building energy control systems [16]
Control of heating systems [17]
Heat pump systems
Heat pump system coupled with a thermal storage [18]
Ground-source and air-source heat pumps [19]
Dynamic testing of heat pump systems [20,21]
Heat pumps and Photovoltaic [22]
Thermal storages
Stratification efficiency [23,24]
DHS tests
DHS for low-temperature fourth generation [15]
Enhancement of an existing DHS [6]

In order to ascertain the efficacy of SDHSs and CFSs for non-retrofitted buildings,
both systems are subjected to identical hydraulic and thermal tests. The results are being
compared based on the same load profiles, with a particular emphasis on the return
temperatures to the DHN and the requested load peaks. To summarize, the choice of DHS
system depends highly on the operation strategy of the DHN, taking into account the size
of the network, the heat sources, and the load characteristics.

2. Materials and Methods
2.1. Description of the Thermal Test Rig

A thermal test rig has been designed and built for the measurement and optimization
of DHS as well as heat pumps and thermal storages. The test setup allows the measure-
ment of the whole system under reproducible conditions. This is considered as a major
benefit compared with on-site-measurements, where measurements are heavily affected by
external effects (e.g., weather conditions). Another advantage of testing the systems under
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laboratory conditions is that typical dynamic conditions could be reached. The systems can
also be measured outside of their specified conditions. In addition, the measuring times
for the two systems can be reduced, especially in comparison to time-intensive on-site
measurements of permanently installed systems. The data obtained can analyzed only for
prototype optimization, or they can also be used to validate simulation models. In further
research, the reaction of the load side, especially the return temperatures of the heating
systems, should also be included. Therefore, the test rig is designed with HiL option and
can be coupled to a simulation environment [25].

The laboratory measurements conducted for this investigation required the construc-
tion of a thermal test rig (Figure 3). The test rig includes five hydraulic loops: two for
heating, two for cooling, and one for the tap water drawing. Table 2 shows the maximum
test values of each loop.

.=y
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source emulation= = — § emulation
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heating substation S N/
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modul flow system hotSs
(CFS)

Figure 3. Photograph of the laboratory setup with both test objects: SDHS (left), CFS (in the middle).
The test rig has two loops for the source emulation and sink emulation, and one for DHW tapping.
(source: authors).

Table 2. Maximal test condition parameters.

Indicator Value
Heat source loop 1 50 kW, 105 °C
Heat source loop 2 20 kW, 105 °C
Heat sink loop 1 50 kW, 10 °C
Heat sink loop 2 20 kW, 10 °C
DHW withdrawal line 50 L/min

Software is utilized to control actuators and measure sensors, while data acquisition
devices are used to connect the software and the hydraulic loops (Figure 4). These devices
relay the values to the actuators and record them from the sensors. A DHN feed temperature
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is regulated using an injection loop with a three-way valve. The sink emulation loop utilizes
a three-way mixing valve to adjust the temperature and a throttle valve to modulate the
flow rate to meet the necessary heating requirements. The DHW tapping was carried out
in accordance with applicable standards [26]. A pre-tempering of 10 °C +/—1 K of the
incoming cold water is required, and the DCW connection pressure can reach up to 0.6 MPa.
In the test rig described herein, the DCW is pre-conditioned to the desired temperature and
then connected to the pressure boosting system. The final pressure is the sum of the inlet
pressure and the delivery pressure of the pressure booster system, which is regulated by a
2-liter membrane pressure container. An actuator is used to control a magnetic valve in the
service water withdrawal line, allowing the desired volume flow to be withdrawn. Both
DHS systems include a controller for the DHW temperature; if this were not included, a
three-way mixing valve would be installed in the test rig to control the DHW temperature.

Signals for actuators
(Valves, pumps,...) Emulation Hardware

e.g. Tapping profile

Sensor
Data

Real-Time
Parameters

sigjaWweled
sl | eay

Figure 4. Hardware-in-the-loop principle.

The measurement equipment installed within the test rig records all measurement
data for later comparison. Furthermore, the test systems are equipped with additional
sensors to monitor and record internal system states, such as storage stratification and
differential pressure. This modularly expandable measurement technology concept enables
rapid system testing.

Table 3 shows the measured quantity and the accuracy of each sensor. The total
measurement uncertainty of the volumetric flow sensor can be calculated by combining
the uncertainty of the device and the uncertainty of the flow velocity. The uncertainty
of the flow velocity is inserted into the formula for the device uncertainty to account
for the combined effect (Table 3, line 2). The tests of the two DHS showed comparable
temperatures, flow speeds, and powers, leading to errors within a similar range. This
indicates that the data of the two systems are comparable.

Table 3. Accuracy of the measurement sensors.

Sensor Accuracy
PT 100, four-wire connection 4(0.03 + 0.0005|t|) ! [27]
Electromagnetic flow meter +0.2 1(02% x v £252)| 1 21 2 [28,29]

Tt temperature (measured value); 2y: flow velocity (measured value).
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2.2. Measurement and Comparison of District Heating Substation Systems

The aim of this experimental study is to compare the return temperatures of the two
systems. The mass flow rate-weighted return temperature is calculated as described in
Equation (1). As discussed in the Introduction section, the power needed to be supplied
by the DHN varies based on the type of DHS. This has implications for the design of
the piping, and hence, the power required by each system to meet the same demand is
also examined.

n
Z (Tret'urn,i X mreturn,i)
Treturn,n = = o (1)

Z Myeturn,i
i

where the following are defined:

Treturn,n: weighted return temperature;
Treturn,i: Mmeasured return temperature at time stamp i;

Myeturn,i: Measured mass flow rate at time stamp i.

Intending to compare and evaluate the DHN on the same basis, the maximum volumet-
ric flow rate required to meet the peak load was determined for a DHN feed temperature
of 80 °C, which is a typical temperature for local DHNSs as reported in [12]. The hydraulic
setup (Figure 4) was utilized to emulate both the DHN and the consumer. The heating
demand profile for a non-retrofitted SFH corresponds to a standard profile as described
in [30]. The DHW requirement was determined using a real tap process [31]. Table 4
presents a summary of the data used to inform the demand profile. The resolution of
the heating profile emulation was set to 10 min, and the resolution of the DHW profile
was set to 10 s in order to ensure the controller dynamics were accurately simulated, as
suggested in [1]. The heating demand profile was determined using an annual specific
energy demand of 130 kWh/m? and a living area of 200 m?, which is a representative value
for SFH in rural areas. The DHW demand was determined for a household of four people.
Both DHS systems were measured and compared for a morning on a winter day.

Table 4. Demand profile data basis.

Indicator Value
Heating demand for a non-retrofitted SFH

Specific energy demand 130 kWh/(m? x a)
Living area 200 m?
Resolution 10 min

DHW demand
Number of persons 4

Specific energy demand 500 kWh/(person x a)

Resolution 10s

In a storage system, hysteresis is utilized to operate the feed system. This is achieved
by using two temperature sensors, one located, e.g., at the upper quarter of the storage’s
height and one in the lower three quarters. When T, (at the bottom) reaches a predeter-
mined temperature, charging of the storage tank ceases. If the temperature of Ty, (at the
top) falls below a predetermined threshold, the storage tank is reloaded. Table 5 shows the
values used for the comparative test of the two DHSs. According to [32], the DHW temper-
ature should fall within the range of 50-55 °C. However, [33] recommends a withdrawal
temperature of 45 °C, which was adopted for the current study.

The hydraulic setup of the two tested DHS is represented in Figure 5, and the con-
nection to the emulator is made directly to the ball valves (1-6). At every interconnection
point, in- and outlet temperatures as well as volume flow are measured to determine the
corresponding thermal power. Both DHSs are designed with indirect connection between
the DHN and the domestic system by means of a heat exchanger.
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Table 5. Parameters for the comparative test of the two DHS systems (terms correspond to
Figure 1/Figure 2).

Indicator Value
DHN feed temperature 80 °C
DHN volume flow for charging SDHS 250 L/h
Heating design temperature [34] 70/50 °C
DHW temperature 45°C
DCW temperature 10 °C
Hysteresis switch on temperature Ton 55 °C
Hysteresis switch of temperature T 75°C

Figure 5. 1. DHN feed; 2. DHN return; 3. heating supply; 4. heating return; 5. DHW; 6. DCW;
7. thermal storage; 8. Controller for the fresh water module; 9. flow sensor; 10. motor driven flow
regulating valve; 11. thermostatic flow regulating valve; 12. central control unit; primary side heat
exchanger in SDHS was provided by the test rig; 13. outdoor temperature sensor.

The DHN feed temperature in the case of the CFS is controlled by a motor-driven
flow regulating valve (10). This valve controls the flow in the primary part of the heat
exchanger shown above, which is used for space heating. (Figure 5, right). The heating
system temperature is determined according to a heating curve based on the ambient
temperature (13). DHW control is regulated mechanically by a thermostatic regulating
valve, which is controlled according to the flow rate and temperature on the secondary side
of heat exchanger (11). The ambient temperature was experimentally set to 1 °C in order to
simulate a winter day.

A 900 L storage tank was filled to a temperature of 50 °C (i.e., the return temperature
of the heating system). It was assumed that the bottom layer of the storage tank was
primarily composed of 50 °C warm water that returned from the heating system in the
winter. This created a realistic starting point for measuring the daily section. In this study,
the DHN with storage tanks operates on a strategy of continuous charging, with the lowest
possible volumetric flow rate set to ensure that the storage tank is neither charged nor
discharged, on average. Sensors installed externally to the storage (7) are utilized to observe
stratification within the system. The SDHS requires two additional pumps compared to
the CFS, as illustrated in Figure 5 (left). The pump on fresh water system of SDHS is being
controlled depending on the withdrawn DHW (temperature und volume flow) and the hot
water temperature coming from the storage. An additional mixing circuit for the heating
system is necessary (not displayed).

3. Results

In this section, the results of testing thermal power and temperature of the two systems
during measurement are described and compared. The two systems were measured with a
typical load profile for DHW and heating, characterized by a high DHW demand in the
first half and a dominant heating demand in the second half (Figure 6).
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Figure 6. Comparison of the power demand of the DHN for CFS (upper diagram) and SDHS
(below diagram).

The thermal power demand of the DHN, as seen in the upper diagram of Figure 6,
coincides with the demand for DHW and heating, since the two sinks (radiator system and
DHW) are separated from the DHN only by heat exchangers. As outlined in Section 2.2,
the demand in the heating loop is regulated by a primary-side motorized control valve,
and the demand in the DHW loop is regulated by a thermostatic valve. The effectiveness of
these controllers determines how quickly the demand profile for the DHW and radiator
heating system is responded to with the load profile from the DHN.

In contrast, with the SDHS the power drawn from the DHN is nearly constant. The
storage system’s ability to accommodate fluctuations in demand permits no changes to
be observed in the DHN reference profile. A greater DHW extraction causes only slight
changes in the need for thermal power from the DHN (Figure 6, lower diagram). The
capacity of the thermal storage system can lead to a load profile exceeding the delivered
power (Figure 6, around 13:30).

The load profiles of the required DHN output show the characteristic difference
between the two DHS systems. The CFS requires more than double the thermal power of
the SDHS when withdrawing DHW. It was anticipated that, due to the absence of a storage
tank, the requisite power must be supplied directly from the DHN. However, when mostly
heating power is withdrawn, the withdrawal rates of both systems are similar on average.
In summary, the demand power range of the CFS is 0-35 kW, whereas the substation with
storage has a demand power range of 7-15 kW. Due to the high power demand that DHW
requires, the CFS is not recommended for households with a large DHW load.

In the following step, the temperature profiles of both systems are assessed. Initially,
those of the CFS are evaluated. When DHW is tapped from the secondary side of the heat
exchanger, the temperature of the 10 °C cold water is heated up to approximately 45 °C,
resulting in a decrease of approximately 20 °C in the return temperature of the DHN. When
not drawing DHW, the return temperature generally remains around 52-55 °C (Figure 7).
However, if the use of heating dominates, a return temperature can be observed which is
approximately 3-5 K higher than that of the heating water flowing back (approx. 50 °C).
This demonstrates the effectiveness of the heat exchanger.
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Figure 7. Temperature curves of the CFS: Heating System and DHN (left); Heating, DHW tapping,
and DHN (right).

The DHN return temperature in the SDHS corresponds almost exactly to the heating
return temperature (Figure 8, left). If the DHW is then withdrawn, the return temperature
drops by approximately 17 K, similarly to that of the CFS. A large amount of cold water is
added to the storage tank, resulting in a significant drop in temperature of the lower layers
of the tank. This can also be seen in the return temperature of the DHN, which remains
cooler until the storage tank is recharged and the return temperature from the radiator
heating system dominates.
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Figure 8. Temperature curves of the SDHS: Heating System and DHN (left); Heating, DHW tapping,
and DHN (right).

The average weighted return temperatures of both systems are about 50 °C, as calcu-
lated with Equation (1).
Figure 9 shows the charging process of the storage tank after cooling by a DHW
withdrawal. The layers gradually become warmer, with the bottom two layers remaining
at 50 °C due to the radiator heating return temperature.
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Figure 9. Charging process of the storage after cooling by DHW withdrawal.

4. Discussion

The discussion section initially evaluates the comparative advantages and disadvan-
tages of the two DHSs (cf. Table 6) and then examines their effects on a DHN.

Table 6. Pros and cons of DHS types in DHNS.

Category CFS SDHS
Weighted return temperature 50 °C 50 °C
Peak power demand 0to 35 kW 7 to 15 kW
e Main pump needs more .
Operating costs electrical power than ¢ Decen’qal Pumps for in-
with SDHS termediate loops
Capital cost o Larger diameter for e  Additional cost for stor-
house connection pipe age and decentral pumps

The performance of the SDHS has been tested with one charging strategy of the
storage, and it was found that the weighted return temperature is the same for both DHS
systems. Further evaluation of the SDHS could be conducted through an extended period
of measurement to assess the stability of stratification under various seasonal load profiles.
Running the DHN intermittently can further illustrate the advantages of the SDHS, as
the DHN can be deactivated some days when using the storage tank for DHW demand
in summer.

In contrast to the return temperatures, the analysis showed a significant advantage
for the SDHS in terms of the maximum necessary peak load. Additionally, there were
no phases with zero demand in winter, leading to the mains pump operating close to the
design point and thus more efficiently. It is to be expected that due to the higher peak loads,
the electrical demand for the circulation pump will be higher in DHNs with CFS systems.
However, with the SDHS, more pumping energy is required for the intermediate loops. In
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addition, there are also thermal losses due to the storage tanks. These effects have to be
weighed against each other.

The following aspects are worthy in a comparative study of SDHS and SS. As men-
tioned above, the SDHS requires electrical energy for the intermediate loop pumps and
has higher decentralized storage losses. The DHW storage tanks of the SS require more
frequent loading, which results in increased DHN return temperatures and requires more
electrical energy for the central circulation pump, occurring once or twice daily.

A distinct difference must be drawn between the house connection pipe and the pri-
mary pipe of the DHN. In the case of a CFS, the diameter of the individual house connection
pipe should be larger than in the case of the SDHS. Whether this is also applicable to the
main line depends on load peaks and the simultaneity factor in the DHN. This should be
calculated on a case-by-case basis, as it is affected by the type of consumers and the number
of consumers connected to the DHN [35].

5. Conclusions

The results of this article indicate that the type of DHS must be considered when
planning a DHN in order to ensure efficient energy and economic usage. If the planner is
unaware of the effect of the type of DHS, the piping, heat source, and circulation pump
may be inadequately designed, resulting in either overly large piping or insufficient supply
of energy to consumers. It should be noted that the simultaneity factor of the DHS with
storage system differs from that of CFS. When a DHN primarily serves large consumers
such as industrial and service sectors, the choice of whether to use SDHS or CFS with
regard to the higher peak power is irrelevant. The thermal capacity of a large DHN is
sufficient to meet the peak demands of the CFS for the SFH.

With the HiL approach, more complex investigations can be carried out. If a building
model of an SFH is simulated, the load profile can be easily adjusted for the embedded
system. For instance, by changing the insulation standard or the heating system, the effects
on the simulated DHN can be examined immediately.
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Nomenclature

District heating network DHN
District heating substation DHS
Hardware-in-the-loop HiL
Single- and two-family-houses SFH, TFH
Continuous-flow system substation CFS
Storage system substation SS
Storage district heating substation SDHS

Domestic hot water, domestic cold water DHW, DCW
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