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Abstract

Integrated thermal energy systems provide heating and cooling for several
commercial and residential buildings. These systems usually have both short-term and
seasonal thermal energy storages. High cooling demands lead to a big amount of
excess heat. This heat could be exported to a district heating system. Low temperature
district heating can increase the integration of renewable and waste energy sources
and may significantly contribute to the overall efficiency of future energy systems. In
this study, the interaction of an integrated thermal energy system in Norway with
district heating was investigated. The main parts of the energy system were heat
pumps with 1 MW total cooling capacity, solar thermal collectors as well as water
tanks and boreholes for thermal energy storage. It was assumed that heat from the
solar collector tank could be exported to the district heating supply line, while the
condenser heat from the heat pump was considered to be exported to the return line.
Dynamic simulations were performed using a Modelica model of the energy system.
An important result of the system simulations was the energy balance of the borehole
thermal energy storage. Without heat export, the storage was charged more during
summer than it was discharged during winter. This imbalance could lead to a ground
temperature increase. To ensure feasible long-term operation of the energy system,
the average annual ground temperature should remain constant. By exporting heat to
the district heating system, borehole heat balance could be achieved and operating
costs could be reduced.
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1. Introduction

Integrated thermal energy systems provide heating and cooling for several
commercial and residential buildings. In this study, the interaction of an
integrated thermal energy system in Norway with a district heating (DH)



system was investigated. Due to high DH temperatures, the real system can
only import heat. However, a technology shift towards low temperature DH
systems is ongoing. This will lead to an increased integration of renewable and
waste energy sources and may significantly contribute to the overall efficiency
of future sustainable energy systems [1-3]. Therefore, a case study was defined
with lower DH temperatures to investigate the possibility for export of excess
heat from the building complex to the DH system.

2. Case Study

The basis for this case study was a thermal energy system that was
integrated into a building complex of different building types with a total area
of 38 000 m?. The main parts of the energy system were heat pumps with
1 MW total cooling capacity, flat plate solar thermal collectors as well as water
tanks and boreholes for thermal energy storage. The system is described in
detail in [4] and a simplified version was modeled in Dymola/Modelica. The
main system modifications and all investigated cases are explained in this
chapter.

Hourly energy demand data from 2015 was used as input for the
simulation model and the resulting monthly demands are shown in Figure 1.
The demand for domestic hot water (DHW) varied significantly between 2014
and 2015 and so an average was used to give a representative demand profile
for the building complex.
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Figure 1: Monthly heating and cooling demands for the case study

To investigate the effects of changes in average annual temperatures, a
warmer and a colder year were also simulated. For the warmer year, a
temperature offset of +1°C, a radiation factor of 1.05, a space heating demand
factor of 0.95 and a space cooling demand factor of 1.05 were used.
Accordingly, a temperature offset of -1°C, a radiation factor of 0.95, a space
heating demand factor of 1.05 and a space cooling demand factor of 0.95 were



implemented for the colder year. The average, warmer, and colder year
simulations were respectively defined as Cases 1, 2, and 3, as shown in
Table 1. The annual energy balance of the system’s borehole thermal energy
storage (BTES) was an important result for these cases.

Table 1: Case overview

Case Year Solar Collectors Heat Export
1 Average 140 No export
2 Warmer 140 No export
3 Colder 140 No export
4 Average 140 To DH return line
5 Average 500 To DH supply and return line

The real system had five heat pumps connected in parallel and series. The
condenser heat from all of them was led to the same secondary fluid loop. To
simplify the control of the system, the heat pumps were modeled as one large
heat pump. The system was connected to the local DH system to import heat
for DHW heating and as backup for space heating. The outdoor temperature
compensation curve is given in Figure 2.
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Figure 2: DH outdoor temperature compensation curves

The temperatures of the real DH system were too high to export heat
economically even during summer. Therefore, a DH case was defined with
lower supply and return temperature as shown in Figure 2. These temperatures
represent a third generation system (“Scandinavian district heating
technology” [2]) and were chosen because they satisfied the system’s
temperature requirement for DHW heating (>60°C), but also enabled export
of excess heat from the building complex to the DH system.

To investigate export of excess heat, Cases 4 and 5 (see Table 1) were
defined. For Case 4, heat export from the heat pump condenser tank to the DH



return line was enabled. For Case 5, heat export from the solar collector tank
to the DH supply line was enabled. The amount of exported heat was
controlled to yield a balanced BTES at the end of the year for both cases.

The real system had 140 solar collectors for space heating and DHW
heating. However, this number was chosen based on the demand of only one
single building and not the whole building complex. They were also only used
within that building and thus showed little effect on the overall system
performance. Therefore, the collector loop was connected to all buildings for
Cases 4 and 5. Also, the number of solar collectors was increased to 500 and
the volume of the collector tank was increased from 2 m? to 10 m? for Case 5.

3. Model Description

All simulation models were developed using the open modeling language
Modelica with the Thermal library [5] as basis for component and system
development. Dymola was used as simulation environment and the main
component models and the control system are described here.

3.1. Component Models

The heat exchangers were modelled as an array of thermally connected
pipes in counterflow configuration, where the local heat balance was solved
in each element. A discretization of eight was found to give good agreement
with logarithmic mean temperature calculations at reasonable simulation
times. The heat transfer coefficient was chosen to be constant and equal in all
array segments.

The BTES was modelled as an array of vertical segments. Each segment
consisted of several thermal resistances and capacities. The resistances and
capacities representing the ground heat exchanger were modelled according to
[6]. The surrounding ground was modelled as an array of cylindrical shells
with capacities and heat transfer coefficients corresponding to the geometry of
each shell element according to [7].

The interaction between the boreholes and heat transfer to the ambient
were neglected in the model. The horizontal ground discretization was found
to be more important than the vertical discretization. Discretization values of
sixteen (horizontal) and eight (vertical) were found to give good agreement
with higher values at significantly reduced simulation times.

The heat pump was a key component and it was therefore desirable to
include a model that realistically predicted performance and behavior under
variable operating conditions. As an efficient means to introduce realistic off-
design performance, the in-house circuit simulation and optimization tool
CSIM [8] was used to generate a polynomial function to include in the
Modelica model. CSIM has been developed by SINTEF and the Norwegian
University of Science and Technology over the last decades.

The heat pump’s coefficient of performance (COP) was defined as
function of the scaled condenser heat load Q s and the scaled temperature lift



AT s. These parameters were considered key factors for heat pump
performance and are defined in (1) and (2). The temperature lift AT was
defined as the difference between average secondary fluid temperature in the
condenser and average secondary fluid temperature in the evaporator. The
nominal values used for scaling were parameters from the heat pumps design
point.

Q _s=Q actual/Q_nominal @)

AT s=AT actual/AT nominal 2

COP =COP_nominal-(a + b-Q s+ c-AT s+ d-Q s-AT s) 3)
More than 50 detailed simulations were performed with CSIM to map
COP for conditions in the targeted operating range. A regression analysis was

performed to find the coefficients for the polynomial function (3) and the
resulting coefficients can be seen in Table 2.

Table 2: Parameters for polynomial heat pump model

Coefficient a b c d
Value 2.2451 -0.5868 -0.9228 0.2647

The resulting expression was implemented in the Modelica model and
predicted the COP to within +5% compared to the detailed simulation results
from CSIM.

The solar collectors were modelled as fluid pipes which were heated by
solar radiation. To account for heat transfer with the ambient, a constant value
for thermal conductance from fluid to ambient was included. This value was
chosen based on manufacturer specifications. The average error for the
collector efficiency under different operating conditions was 2% with the
parameters shown in Table 3.

Table 3: Solar collector model parameters (single collector)

Parameter Value Unit
Effective surface area 1.9 m?
Optical efficiency 0.773 -
Fluid filling 1.2 kg
Thermal conductance (fluid to ambient) 8.6 W/K

The solar radiation was not measured on site, so data from the software
Meteonorm was used as input for the simulations.

The thermal storage tanks were modeled to be perfectly mixed, i.e.
without stratification. The thermal conductance from fluid to ambient was
chosen to yield a capacity loss of 1% during a twelve hour period which is
feasible according to [9].



3.2. Control System

A key part of the system modeling was the control system. Simple pump
models were used to control the fluid flows between the components. The
signals for activation of the pumps and the setpoints of their controllers were
received from control blocks.

The system had two main modes of operation: Heating mode and cooling
mode. The temperatures in the tanks after the heat pump’s condenser and
evaporator were used to define the mode of operation. In heating mode, the
condenser tank was kept at a constant temperature (50°C) by the heat pump’s
PI controller and the evaporator tank and the BTES were used as heat sources.
When the cooling load increased, the temperature in the evaporator tank also
increased until the BTES was no longer needed as heat source. If the
temperature in the tank reached a certain limit, the system switched to cooling
mode, keeping the evaporator tank at a constant temperature (5°C). The
condenser tank and the BTES were then used as heat sinks. Similarly,
increasing heating loads led to a decreased temperature in the condenser tank
and at a certain limit, the system switched to heating mode. The parameters
for the heat pump’s PI controller were chosen according to rules from [10] and
blocks from the StateGraph library [11] were used to switch between modes.

The solar collector loop included two heat exchangers. The first one
enabled heat transfer to the collector tank while the second one enabled heat
transfer to the BTES. The control system was designed to transfer as much
heat as possible to the collector tank at high temperature and only store low
grade heat in the BTES. The fluid in the collector tank was then used for lifting
the DHW temperature or heat export to the DH supply line, depending on the
case. The DHW demand was prioritized to reduce the amount of imported
heat. The control block settings had a significant influence on the total amount
of accumulated solar heat and thus also on the energy balance of the system,
especially for the case with increased number of collectors.

4. Results and Discussion
4.1. Energy Flows in the Integrated Thermal Energy System

For Case 1 (see Table 1), the BTES was charged with 799 MWh during
summer and 602 MWh were discharged during winter. This imbalance of
197 MWh corresponds to an average ground temperature increase of almost
1°C. To ensure feasible long-term operation of the energy system, the average
annual ground temperature should remain constant. For the simulated warmer
year (Case 2), the imbalance was 350 MWh and 47 MWh for the colder year
(Case 3). This clearly showed a potential for heat export.

Cases 1, 4 and 5 had the same weather and demand inputs and their total
accumulated energies are shown in Figure 3. It can be seen that the heat pump
is by far the most significant component, because it used the highest amount
of energy.
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Figure 3: Total energy amounts for cases 1, 4, and 5

The electricity use of the system increased for the heat export Cases
(4 and 5) compared to Case 1. At the same time, less heat needed to be
imported due to better utilization of the solar collectors. As expected, more
heat could be exported when the number of solar collectors was increased.
Monthly values for the interaction with the DH system are shown in Figure 4.
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Figure 4: Monthly imported and exported heat for Cases 1, 4, and 5

It can be seen from Figure 4 that no heat was exported during winter
because the system was in heating mode and did not have any excess heat



available. Heat import could not be avoided during summer even for Case 5.
This was mainly due to the typical demand peak for DHW in the morning.
This can be seen in Figure 5 which shows daily average profiles for a year.
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Figure 5: Daily average energy flows for different energy types over a year (Case 5)

It is not reasonable to reduce this import peak by storing high temperature
solar heat during the night as this would lead to unnecessarily high losses. This
can also be seen in Figure 6.
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Figure 6: Solar collector loop details for one week (Case 5)



Figure 6 shows the temperatures of the collector tank loop for the period
of one week. During the night, the collectors cool down to the outdoor
temperature level and the temperature in the storage tank also decreases.

Heat export to the supply line was only possible when the temperature
difference between collector tank and DH supply line exceeded the set
threshold. Figure 6 shows that this was only the case during a few hours on
clear summer days.

4.2. Cost Analysis

To compare the total operating costs of all the cases, price factors for the
different energy types in Figure 3 were defined and are shown in Table 4.
Table 4: Price factors for different energy types
DH export | DH export
to supply to return
Price Factor 1.00 0.95 0.80 0.40

Energy Type | Electricity | DH import

With these factors, the total operating costs compared to Case 1 were
calculated and the results are shown in Table 5.

Table 5: Total operating costs compared to Case 1
Case 1 2 3 4 5
Operating costs 100 % 97.5 % 103 % 94.6 % 91.8%

Energy prices for both electricity and DH vary significantly over time.
However, this was not treated in the current study, due to the complexity of
pricing mechanisms [12]. Therefore, the current results can only give an
indication of the real costs and advantages of heat export. They showed that
the influence of changed weather and demands (Cases 1 to 3) is rather small
if the BTES is not balanced. However, depending on the heat losses from the
storage (e.g. from ground water flow), this may not be feasible in the long run
because the storage could overheat. Also, the operating costs for the heat
export cases (4 and 5) were lower than for Case 1 so the only disadvantage are
the higher installation costs. These are expected to be especially high for
Case 5 which has the lowest operating costs. An economic analysis with more
detailed pricing schemes is thus required to make recommendations for an
improved system operation.

5. Conclusions

The interaction of a building complex with an integrated thermal energy
system and a district heating system was analyzed. It was shown that the
seasonal thermal energy storage could be balanced by exporting heat if the DH
temperatures were lower than they are for the real system. Dynamic



simulations were performed and the results showed that the total operating
costs decreased when heat was exported. A further decrease in operation cost
could be achieved by increasing the number of solar collectors. Installation
costs for heat export and increased collectors were not considered.
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