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Abstract: There is a continuous growth of heat pump installations in residential buildings in Germany.
The heat pumps are not only used for space heating and domestic hot water consumption but also
to offer flexibility to the grid. The high coefficient of performance and the low cost of heat storages
made the heat pumps one of the optimal candidates for the power to heat applications. Thus, several
questions are raised about the optimal integration and control of the heat pump system with buffer
storages to maximize its operation efficiency and minimize the operation costs. In this paper, an
experimental investigation is performed to study the performance of a ground source heat pump
(GSHP) with a combi-storage under several configurations and control factors. The experiments were
performed on an innovative modular testbed that is capable of emulating a ground source to provide
the heat pump with different temperature levels at different times of the day. Moreover, it can emulate
the different building loads such as the space heating load and the domestic hot water consumption
in real-time. The data gathered from the testbed and different experimental studies were used to
develop a simulation model based on Modelica that can accurately simulate the dynamics of a GSHP
in a building. The model was validated based on different metrics. Energetically, the difference
between the developed model and the measured values was only 3% and 4% for the heat generation
and electricity consumption, respectively.
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0. Introduction

In the German power sector, an ongoing increase of renewable energy integration can be witnessed.
In 2016, 29% of gross generated electricity was produced from renewable energy sources’ (RES’s),
which represents 192 TWh [1]. Such increase in the RES’s integration is empowered by several policies
such as the renewable energy act (EEG) [2]. The act guarantees the generator a fixed price over
a specific term, which gives a priority to the RES in the electricity market. Having such weather
dependent fluctuating RES in the market, raised the demand for flexibility to balance the fluctuating
generation. Sector coupling presented one way to mitigate the fluctuating RES and offer flexibility
to the grid. Hence, it is receiving continuous attention not only within the research communities but
also on the political and industrial level. Coupling the power to the heat sector is seen as one of the
most influential and attractive approaches to decarbonize the heat sector and gain additional flexibility
in power gird [3]. Considering that the consumed heat energy in Germany within different sectors
was 1,373 TWh in 2016 [4], there is a substantial room for power to heat application integration. An
advantage of such applications is its attractive costs due to its dependency on heat storage that has
significantly lower costs compared to batteries.

The heat pump is a major role player in sector coupling due to the progressive improvement
of the coefficient of performance (COP) [5]. Hence, the number of heat pumps installations are on
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continuous growth on yearly basis, especially in the residential sector. According to [6], the heat pump
installations in new buildings in 2016 reached 31.8%. Heat pump represents 34% of the market share
of the single-family houses, 16% of the multi-family houses and 13.6% of the non-residential buildings.
Such widespread of the heat pump raised research questions focusing not only on the heat pump
cycle and components improvement but also on a better integration and control of the heat pump as a
system.

The topics discussed within the literature covered large scope such as the thermodynamic cycle
and compressor optimizations [7–10] hydraulic system configurations [11], performance evaluation
[12,13], and integration in district heating and smart grids [5,14]. The research presented can be
divided into experimental studies and numerical studies. The experimental studies were mostly
oriented towards cycle and components optimization of the heat pumps. In [15], a carbon dioxide
direct-expansion heat pump was investigated in different operating conditions. [16] studied the
performance of solar ground source heat pump in dual heat source coupling modes to optimize
the average system COP. Furthermore, [17] experimentally tested a gas engine driven heat pump
for different operation modes. The author developed a prototype to test the heating and cooling
performance for different evaporator’s inlet temperatures, ambient temperatures, and gas engine
speeds. The numerical studies and simulations were utilized, where experimental studies would
be costly. In [18], a heat pump was simulated to cover the load of a multi-zone office building.
While in [19], a simulation model was developed to analyze the flow pumping of ground source heat
pumps. [20] developed a numerical model for a reversible multi-function heat pump to evaluate its
performance in summer for domestic hot water (DHW) and space cooling. The numerical model was
then evaluated against a model in TRNSYS.

In the residential sector, several studies were performed on air-source heat pumps (ASHP)
and ground-source heat pumps (GSHP). The presented studies were mostly numerical. Also, it is
oriented towards optimizing the heat pump control, system dimension and hydraulics to minimize
the operation costs and maximize the use of renewable energies within the residential building as
in [21–25]. Although numerical studies can provide relatively proper indicator of the behavior of a
system, it is exposed to several uncertainties and its accuracy is always questioned, especially if the
studied object is a thermodynamic system. Studies analyzing large models on the district level or
micro grid levels have mostly 1-h resolution as in the review of [3], consequently, all dynamics of the
heat pump systems are concealed. Moreover, in several cases, the COP is assumed to be constant and
all the nonlinearities are ignored so that the optimization problem can converge faster. Yet, this exposes
the model to inevitable uncertainties. On the building level, dynamic systems simulation programs are
used such as TRNSYS or Modelica-based software as Simulation X [26]. These programs can detail the
dynamics of the systems, yet as discussed in [27], calibration is rather complicated. Moreover, these
models are mostly validated by a plausibility check, but not against measured values. Field tests were
performed to investigate the performance of heat pumps [12]. These studies can provide a realistic
investigation of the performance of heat pumps in general, yet it does not offer the flexibility of an
experimental system to vary different parameter and it can conceal several details that can contribute
to the understanding of the system.

0.1. Objectives

To provide realistic reliable results, numerical studies have to be always supported by
experimental results. Otherwise, any presented control system, mathematical model, or simulation
model might be exposed to imminent uncertainties. In this paper, an experimental study is performed
to validate a numerical model and present the optimal control requirements for a GSHP in a residential
building. The experimental study does not only include a residential commercial heat pump and a
combi-buffer storage but also a building load emulator to integrate the real space heating (SH) and
DHW load of the building. The objectives of this paper can be summarized in the following:
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• Presenting a novel modular heat pump testbed design that emulates a complete residential
house. It includes a ground-source emulator, combi-buffer heat storage, and a building load
emulator. The testbed is designed to be integrated with different heat pump types and hydraulic
connections, so that it can be used for standardization applications, control and optimization
methods performance testing, and models validation
• Based on multiple experimental testing, the real-life optimal control criteria for a commercial

residential GSHP under the given constraints of the heat pumps manufactures have been
identified.
• Demonstrating a modelica-based heat pump model that can be easily integrated into building

and district simulations due to its minimal computational requirements. The model was also
validated and calibrated based on the experimental data of the presented testbed.

The structure of this paper is as follows: Section 1 describes the design and components of the testbed.
Moreover, it introduces the measurements system used and discusses the testbed control dynamics.
Section 2 presents the experimental testing procedure and its purpose. Section 3 presents the validated
Modelica heat pump model and its structure. Section 4 discusses the results of the experimental testing
and the validation of the Modelica model. Section 5 presents a conclusive summary of the experimental
study and the model performance.

1. Experimental System Description

1.1. Overview

The testbed consists of 3 different modules: ground-source emulator (A), combi-storage (B), and
the building loads emulator (C). Figure 1 and 2 show a simplified hydraulic scheme and the real
testbed, respectively. The presented hydraulic configuration is not a permanent configuration, but
rather the one used for the experiments documented in this paper. Other possible configuration can be
also implemented such as a direct connection between the heat pump and module C, replacing module
B with a DHW tank module, or having two separate modules for a DHW tank and a buffer tank.
Each module has its own independent control and measurement system to facilitate the integration of
different modules. The GSHP used is a STIEBEL ELTRON WPF10 heat pump with a thermal power
of 10.31 kW and a COP of 5.02 by B0/W35 according to the standard EN 14511. A brine pump and
heating system circulation pump is already integrated within the GSHP. Moreover, the GSHP is also
equipped with an emergency/backup electrical heater of 8.8 kW.

Figure 1. Simplified hydraulic scheme of the testbed
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Figure 2. The 3 modules and the heat pump installation in the lab

1.2. Module A: ground-source emulator

Module A emulates a ground-source, which is equivalent to a controlled environment room for
the ASHP. The module consists of a 300-liter storage that is heated by a 12.5 kW electrical heater. This
storage is filled with a water-glycol mixture as an anti-freezing heat transfer fluid. The electrical heater
is controlled via a hysteresis regulator to maintain a maximum set-temperature for the whole tank of
40◦C. The hysteresis limits can be adjusted based on the user settings. To deliver a specific temperature
profile to the heat pump, a conventional SH mixer is used to mix the supply of the storage with the
return of the heat pump till it reaches the required temperature. This types of mixers can lead to a slow
reaction towards changes in the set points but provides a rather stable output as discussed later in
section 1.6.

1.3. Module B: Combi-storage module

This module represents one of the storage system configurations in a residential household. The
storage system consists of a 749 l combi-hygienic buffer storage for SH and DHW consumption. The
cold water is heated via a stainless steel heat exchanger that goes through the length of the tank to
supply DHW. Furthermore, a coaxial pipe is inserted in this heat exchanger to enable DHW circulation
and maintain a proper hot water temperature in the pipes.

To assess the energetic content of the buffer storage over time, 10 temperature sensors are placed
over the length of the tank as shown in figure 3. T-SP-1 refers to the sensor on the top of the tank, while
T-SP-10 refers to the sensor at the bottom of the tank. The sensors are placed at equidistant distances of
15 cm. Through this sensors’ set, the energy at each layer of the tank as well as the overall tank content
can be evaluated. This data represents a necessary input to the energy management systems (EMS)
and control algorithms to decide on the load shifting potential and the available flexibility that can be
offered to the grid. Further information about the storage management system can be found in [28]. on
the left side, the heat pump buffer sensor is installed. According to the installation manual of the heat
pump, this sensor has to be placed at the bottom of the tank. Within this paper, the sensor position will
vary to show its influence on the system performance as shown in section 2. It will be referred to as the
DHW/SH sensor.
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Figure 3. Sensors position across the combi-storage

1.4. Module C: Building loads emulator

This module is the most complicated as it has to represent the SH of a household and DHW
consumption. The SH circuit consists of a mixer, as in figure 1, that mixes the hot water supply of
the tank with the return of the SH circuit to reach the required set temperature. The building heating
load is then made present via using heat exchangers that are cooled via a cooling system. The flow
rate of the cooling system is the one influencing the building load magnitude and defining the return
temperature of the SH circuit. Such flow rate is controlled via a motor control valve that positions the
valve according to the required set point. Within the SH circuit, two heat exchangers are available of
different powers and capacities. One heat exchanger is dedicated to old building heating loads that
can reach up 20 kW and have a high flow rate, while the other one is only for new buildings with a
maximum power of 7 kW. Two motor valves are used to switch between the two heat exchanger as per
the testbed setup.

The hot water consumption is realized via three magnetic valves representing three different
types of taps within the household. These valves can present different activities such as showering,
washing, and cooking. The flow rate of the valves can be adjusted manually to match the standard
flow rate of the activity. To show the effect of the hot water consumption on the heat storage and heat
pump, a household profile of the hot water consumption can be delivered to the testbed so that the
opening and closing time and duration of the water tapping can be defined for the different valves.
Consequently, a similar energetic profile can be executed.

The DHW circulation pump is managing the circulation exactly as in a conventional household
circulation pump. The pump can be switched on or off based on a circulation schedule or hot water
temperature in the pipe. The circulated load is presented via a heat exchanger that is cooled via the
fresh water supply, similar to the SH circuit heat exchanger. Such design was adopted for different
testbeds in the labs of the institute for energy economy and application technology (IfE) as shown in
[29].

1.5. Measurement system

For the temperature measurements, 4 wire PT100 sensors are used. The sensory accuracy class is
F0.15 (Class A) according to the DIN EN 60751, which means that the tolerance is ±(0.15 + 0.002|T|).
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Hence, for a temperature T of 65◦C, the tolerance is ±0.28 ◦C. To maximize the accuracy further, a
temperature sensor calibration device of a higher accuracy was used.

Magnetic inductive flow measurements devices are used to measure the volume flow rate. The
flow measurements devices were already calibrated by the manufacturer, consequently no additional
calibration was performed. For the nominal flow rate, the error of the devices varied between 0.2%
and 0.5% depending on the sensor type and the size of the pipe.

The electrical power of the heat pump is measured via a 3-phase electricity meter (KDK PRO
380) of class B accuracy, which is 1% according to the EN 50470-1/3. The meter is connected to the
measurement system via MODBUS RTU connection, that communicates the power, currents, and
voltages of the 3 phases each second.

The sensors and actuators of the whole testbed are connected to National instruments (NI)
compact reconfigurable IO (cRIO) chassis and modules that receive and send different digital or analog
inputs and outputs. The control program and data logger are based on LabVIEW that runs on a
conventional PC.

1.6. System and control dynamics

The main purpose of the testbed is to show the detailed dynamics of a heat pump system to be
able to develop and validate a realistic numerical model. In figure 4(a), the start dynamics of the heat
pump can be shown. As soon as the heat pump starts, the brine pump operates for 24 seconds, then the
compressor is switched on. It takes the testbed 393 seconds to reach the steady state due to the mixer
control dynamics, yet it does not influence significantly the thermal power of the heat pump. The
brine power fluctuating from 2.5 till 15.1 kW led only to fluctuations of 10±2.5 kWth, within those 393
seconds. The mixer controller effect can be more clearly described in figure 4(b). For a set temperature
of 0◦C, the mixer started to mix the tank temperature with the return of the heat pump. Due to both
of the start dynamics of the mixer supply and heat pump return, the fluctuations occurred within
the time to steady state. Yet, once a steady state is reached the mixer controller can maintain the set
temperature, while minimizing the fluctuations.
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Figure 4. Starting dynamics of the heat pump testbed, (a)Thermal and electrical power of the heat
pump, in addition to the thermal power of the Brine circuit (b) Brine supply temperature dynamics
because of the mixer circuit

For the control system in module C, figure 5 can show the control dynamics of the temperature
of the flow rate. In figure 5(a), the measured and set heating circuit supply and return temperatures
are plotted against two hours of time to show the system dynamics. The tolerance of the supply
temperature mixer is ±0.5 K, which is significantly better than the control in realistic buildings, where
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the tolerance reaches ±3 K. A smaller tolerance was required to accurately emulate a building load
profile on the testbed. The return temperature was more accurately controlled as the motor valve has
a continuous PID controller. Consequently, a tolerance of ±0.1 to ± 0.15 K was achieved, which is
challenging considering the low inertia of the system (i.e. the water volume of the system is small
compared to a real building).

The volume of the flow rate of the heating system circulation pump was also controller via a PID
controller. In figure 5(b), the measured set and measured flow rate are presented. It can be deduced
that the pump and the controller were able to flow accurately the set temperature with a tolerance less
than 0.01 l/s. The graph was plotted against the same time of measurements of the supply and return
temperature, to be able to show the dynamics of the two graphs simultaneously.
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Figure 5. Control dynamics of module C, (a) supply and return temperature of the space heating circuit
(b) flow rate of the space heating circuit

2. Experimental Testing Procedure

Four major experiments are covered within the scope of this paper, as in figure 6. The first group
of experiments is to define the performance map of the heat pump. This group of experiments analyzes
the given heat pump performance under different heating supply temperature and brine temperatures.
On the system scale, the second group of experiments investigates the optimal SH and DHW sensor
position and reveals its effect on the overall system performance in buildings. In the third and fourth
group of experiments, the optimal control rules for EMS are defined through testing the cycling effect.
In a residential heat pump, the control parameters are limited to a boolean signal to switch the heat
pump on or off. Consequently, an EMS in a residential building does not have any influence on other
technical parameters such as the flow rate of brine pump or the controller of the heating circuit between
the heat pump and the combi-storage. Based on these constrains, the heat pump optimal control rules
can be defined. In cycling effect experiment with constant continuous load, the thermal load is given
to the building emulator (e.g. 5 kW), constant through the whole 24 hours, while heat pump had
to cycle between on and off. Within this group of experiments, 4 experiments were performed with
a duty cycle of 50%. The switching time was varied between 1, 2, 3, and 4 h. 6 h duration was not
performed in this experiment due to the limited thermal capacity of the combi-storage. To maintain
the energy balance, the thermal load QSH was limited to 50% of the nominal thermal power of the heat
pump QN . Cycling effect was also tested while trying to maintain a constant return temperature. The
QSH was limited to 80% of QN . Due to the increase of QSH , the 6-h cycle was made possible. Thus, 6
experiments were performed, the 1, 2, 3, 4, 6 h cycles.
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Through this set of experiments, the characteristic of the operation of the heat pump can be
clarified, in addition to the impact of sensor installation position. Moreover, the results of the cycling
effect experiments can provide a clear picture about the optimal control criteria of GSHP.

Figure 6. Flow of the experimental procedures

3. Modelica Based Model

According to [30], the heat pump modeling approaches into physical, black box and grey box
approach. The physical approach can forecast the dynamic behavior of a system. Hence, it is often
used for heat pump design and parameters optimization. Black boxes can be easily computed and are
useful for large systems, yet it is usually concealing several system dynamics to maintain its simplicity.
Grey box models try to achieve a balance between the two aforementioned approaches. For residential
buildings modeling, three main criteria have to be satisfied:

• simplicity: the model has to be easily computable as the building modeling software such as
the Modelica and TRNSYS are not yet powerful enough to solve the equations of multiple
complicated dynamic systems simultaneously

• accuracy: the model has to minimize the uncertainties of the results
• dynamic: the model should not be concealing the dynamic behavior of the heat pump under

different operating conditions.

In this paper, a semi-empirical dynamic model is presented that was developed on Modelica.
Figure 7 shows a view of the structure of the model in Modelica. It was designed such that it can be
coupled with Open Modelica Library [31] or Simulation X "Green City" Package [32]. Consequently,
the basic model components were designed based on the Open Modelica Library, yet a separable
interface was included to connect to the "Green City" package. The simulated thermal power of the
heat pump Qsim and the coefficient of performance COPsim are calculated empirically based on the
collected experiments performed in section 2. The Qsim is calculated then as a function of the brine
temperature Tb and the heating supply temperature Ts as in equation 1. COPsim is also evaluated
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based on those two inputs either directly from the experimental tabulated data or from the empirical
equation given in 2. This polynomial equation was formulated based on data fitting algorithm of the
experimental data. The R2 is 0.99, while the sum squared error and the root mean squared error is
0.1727 and 0.0759, respectively. The electrical power of the heat pump Psim is then simply calculated
based on equation 3.

Qsim = f (Tb, Ts) (1)

COPsim = f (Tb, Ts)

= 11.16 + 0.2488× Tb − 0.2282× Ts − 0.003031× TbTs + 0.001405× T2
s

(2)

Psim =
Qsim

COPsim
(3)

Although the powers and COP of the heat pump can be accurately calculated using the presented
equation, these data will not be sufficient to present the system dynamics such system thermal losses,
system inertial, operation time of the brine pump before the compressor starts, resting time between
two consecutive starts, and time to full power. Consequently, the calculated full power from the
equation 1 is given as a prescribed thermal power to a thermal pipe directly. This pipe represents
the outlet pipe of the heat exchanger of the condenser. Between the pipe and the prescribed heat
model, there is a thermal resistor that was empirically calibrated to present conduction losses. The
inertia of the system is represented by a thermal capacitor that can be initialized based on the system
water volume as in equation 4,where Cp is the specific heat capacity of water, Vol is the internal water
volume of the heat pump, ρ is the density of water. The convection losses was modeled as shown in
figure 7, assuming that the room temperature is always fixed at a value of 18 ◦C. The convection heat
loss factor was also empirically estimated and set as fixed value throughout the whole simulation.

C = Cp ×Vol × ρ (4)

Through the presented model, the aforementioned criteria for heat pump modeling for building
simulations can be satisfied without adding any additional complexity to the heat pump model.
Adding any additional details such as modeling the thermodynamic cycle would not contribute to
the quality of the results in this situation as these variables are not monitored within the study of the
dynamic behavior of a building.

Figure 7. The heat pump model structure
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4. Results

4.1. Experimental Analysis

4.1.1. System Performance

As explained in section 2, the initial phase of the experimental study is to analyze the performance
map of the given heat pump. Figure 8 shows the behavior of the COP as a function of the supply
temperature and the brine temperature. At each of the measured points of Tb and Ts, the set points
were held constant and measurement was taken as an average of 40 minutes of operation to maintain a
proper steady and accurate measurements. The set points are defined as a discrete set of integers such
that Ts ∈ {35, 40, 45, 50, 55, 60, 65} and Tb ∈ {−5, 0, 10, 15, 20}. In figure 8, the measurements at 65◦C
was eliminated, as the heat pump can not operate at Tb = −5 and Ts = 65 simultaneously. As shown,
the COP increases as the supply temperature decrease and the brine temperature increases. The range
of the COP is quite wide between 1.6 and 8.0. This means that the costs of operation of the heat pump
to generate 1 kWh of heat can reach up to 500% compared to the cost of the most optimal possible
operation. Consequently, it is a must to supply the numerical models with an accurate measured data,
otherwise building model can be exposed to high uncertainties.
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Figure 8. Performance map of the integrated GSHP

4.1.2. Sensors Position

System setup and configuration in the building has also a significant influence on the behavior
of the COP of the heat pump. In the field study of [12], the impact of an efficient planning and
installation on the heat pump seasonal performance factor was investigated. The installation process
does not only include hydraulic system but also the DWH and SH sensors positioning on the storage
system. Although direct connection of the SH circuit to the buildings without any buffer storage can
lead to the most optimal operation, buffer storages are necessary to offer flexibility as in [33]. In the
literature, different research discussed the sensor position. In [11], different sensors positions along
a combi-storage were tested based on a simulation model. It was found that as the DHW sensors
distances from the SH zone, the lower is the number of starts per year. In [26,34], it was stated that
the DHW sensor has no influence on the performance of the heat pump, yet the higher the position
the better. Moreover, the author stated that sensors at a lower position can help in decreasing the set
temperature while maintaining comfort.

Within this experimental study, one sensor was set in different position across the combi-storage
to analyze the behavior of the heat pump and the heat storage as well. Additional sensors connection
to the control of the heat pump manufacturer was not possible. Figure 9 shows the average number of
starts, average COP and average tank temperature at different sensors positions. The average COP is
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calculated according to equation 5, where Eth and Eel is the accumulated thermal and electrical energy
within a defined period, respectively.

COPAverage =
Eth
Eel

(5)

The sensor positions on the x-axis can be clarified through figure 3. For each sensor position, the
measurement was repeated for 3 consecutive days, then the average of the 3 days was taken. At
T-SP-10 and T-SP-9 which are the lowest two sensors, the value of the number of starts is similar and
significantly higher than the rest of positions. This means that if a sensor has to be allocated at a
lower position on the tank as per the theoretical studies, this zone (below T-SP-9) has to be ignored for
sensors allocations. As the sensor is positioned more towards the upper zone of the tank, the lower
is the number of starts per day. This means also that the storage heat content decreases because the
useful volume that is kept at the set temperature decreases as indicated in equation 6 [35], where As is
area of the storage, Tset is the required set temperature and Tstorage(h) is the temperature across the
length of the storage h.

Estorage = ρ× Cp × As ×
∫ h

0
(Tstorage(h)− Tset)dh

∀ Tstorage(h) > Tset

(6)

On the other hands, as the average tank temperature decreases, the average COP also linearly
increases, which fits the behavior presented by the performance map in 8. Between T-SP-10 and T-SP-6,
the average COP increased by 21.5%, which is a significant increase that influences the economics
of the heat pump considering that no intelligent control algorithms were yet deployed. The direct
correlation between the average COP and the average tank temperature shows that COP is solely
dependent on the tank set temperature.
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Figure 9. Sensor location influence on the number of starts, average COP, and average tank temperature

4.1.3. Cycling Influence on the System Performance

In the first experiment as explained in section 2, a constant continuous load is set for SH circuit,
which is almost equal to 50% of the nominal heating power of the heat pump. Hence, the space heating
load was set to QSH = 5.0 kW. Figure 10(a) shows Eth, Eel , Ebrine and the average COP for 1-h on/off
cycle till 4-h on/off cycle, where Ebrine is thermal energy extracted from the brine circuit. 1-h on/off
cycle means that the number of starts per day is 12, where 4-h means 3 starts per day. A 6-h cycle was
not performed in this case due to the limited storage capacity that does not enable the heat pump to
charge the storage for 6 hours continuously. In this experiment, the highest average COP was achieved
by the 1-h cycle. It can be noticed that the energy extracted from the brine circuit is the highest, while
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the electricity consumed is the lowest. The heat generated is almost constant. It has varied only
between 113.85 kWh to 115.2.

Although 1-h cycle has the highest number of starts, it achieved the highest COP because it
maintained the lowest possible tank temperature. Having the heat pump operating for 4 hours then
stopping for 4 hours while having a constant demand from the SH circuit means that the heat pump
has to heat the buffer storage to higher temperatures to satisfy the demand during the off (i.e. resting
time). Although the 4-h cycle minimized the number of starts to only 3 times per day, it does not lead
to an optimal efficient operation. The average COP was lowered by 13%. The lower number of starts
might increase the lifetime of the compressor, yet this is not a measurable factor that can be assessed
easily by a testbed or even within a field study at the moment. If it would be included, a cost of start
has to be evaluated to reach an optimal control schedule.

In the second experiment, the QSH was increased to 8 kW and the QSH was not set to be
continuous, but cycling similar to the heat pump. The reason behind increasing the power of the load
and the simultaneous cycling is to consume immediately the delivered power of the heat pump and to
maintain the lowest possible return temperature Tr. In this case, 1-h to 6-h cycles were used as the
heat storage was almost not used. Through this experiment, it can be noticed that the average COP is
almost constant and was not influenced by either the long or short duration of heat pump operation.
The energies Eth, Eel , and Ebrine varied only by 2.7%, 1.5% and 1.136 %, respectively. Such variation
is partially due to the measurement errors and the minor difference in the initial conditions of the
experiment.

To summarize the output of these experiments, it can be deduced that if a buffer or combi-storage
are combined with the heat pump:

• The long operation duration to minimize the heat pump number of starts reduces the average
COP and consequently can lead to a lower seasonal performance factor (SPF)
• If the heat pump is delivering directly while minimally using the heat storage or without a heat

storage, the long duration of operation has no impact on the average COP of the system

Consequently, if a combi-storage has to be installed to minimize the number of starts per day, a
cost of start has to be considered within the optimization. In case the heat pump has to offer flexibility
to the grid, the incentives should be making up for the decrease in COP that can lead in this case to a
minimum of 13% increase in costs. Additionally, thermal losses of the storage have to be considered.
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Figure 10. Cycling effect on the heat pump system performance, (a) a constant continuous load is
maintained throughout the day (b) a constant return temperature is maintained throughout the day
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4.2. Model Validation

To validate the model, the heat pump described in section 3 was integrated with a SimulationX
heat storage and building model described in [32]. The red box in figure 11 shows the heat pump on
the right side and the controller. The storage is presented by the storage icon, which is connected to
the heat pump on one side and a mixer on the other side. On the far right side comes the building
model and the weather data. The most important parameters of the storage are indicated in table 1.
The default parameters have been used for the rest of the components. The heat pump controller has
two different hysteresis models that control both of Ts and Tstorage. Hence, the heat pump can only
be switched on when both of the controllers generate a true signal. Different building models can be
integrated from [32], yet a generic model was set to model a cycling load similar to the one presented
in the previous section so that the dynamics of both the thermal and electrical power, in addition to
the supply and return temperatures can be visualized and validated.

Figure 11. Modelica heat pump model integrated with the building storage model of Simulation X

Table 1. Heat storage parameters

Description Value Units[-]
Heat storage Volume 749 l
Diameter of heat storage 0.79 m
Heat Conductance of isolation 2 W

K
Number of heat storage layers 10 -
Ambient temperature 18 ◦C
Maximum layer temperature 65 ◦C
Heat transmission coefficient for neighboring layers 465 W

m2.K

Figure 12(a) demonstrates both of the measured thermal and electrical power versus the
simulation. It can be noticed that the model was able to simulate the dynamics of the heat pump.
Even the dynamics of the start, which is shown as the thermal power spikes at every start, was also
simulated by the model. The model was also able to simulate the electrical power at every point of that
presented day. Yet, the stand-by power was neglected as it has a value between 9 to 10 watts, which
represents 0.5% of the nominal power. To look further into the dynamics, it can be noticed in figure
12(b) that the supply temperature of the heat pump and the simulation model were almost identical.
The return showed a plausible behavior when the heat pump is on, but it deviates when the heat pump
is off. The reason behind this behavior is that the pipe between the heat storage and the heat pump
is not modeled. Thus, the model is using directly the temperature of the tank. This behavior did not
reflect on the quality of the results, as this behavior occurs only when the system is off. Comparing the
energy generated throughout the day, it can be noticed that the difference between the model and the
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measurement is only 3.08% and 4.18% for heat generation and electricity consumption, respectively.
These minor variations indicate that the presented model can accurately simulate the heat pump and
deliver proper results once it’s integrated into a building model.
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Figure 12. Temperatures and power dynamics of both the simulation model and the measurements of
the testbed, (a) thermal and electrical power (b) supply and return temperatures
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Figure 13. Comparison between the measurements and the simulation model based on the heat
generation and the electricity consumption

The computational speed of the model was also tested on Simulation X. A backward differentiation
formula (BDF) solver was used to compute the model on a personal computer having the minimum
calculation step size, maximum calculation step size, absolute tolerance, relative tolerance, minimum
step size, and recording of the results equal to 1e-8 s,900 s,1e-5 s, 1e-5 s, 1e-12 s and equidistant 1
s, respectively The computational time for 1 year of a 1 second resolution was only 22.3 seconds.
Consequently, it can be assured that the model will not slow down the simulation process of a building
model once it is integrated.

5. Conclusion

In this paper, an experimental investigation on a commercial residential GSHP in combination with
a combi-storage was conducted to analyze the performance of the system under different conditions
and configurations. Through the study, optimal sensors integration, in addition to different cycling
duration impact on the performance of GSHP were investigated. The experiments were performed on
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a modular testbed that can emulate the behavior of the ground source, as it can deliver a profile of
brine temperatures in real-time. Moreover, it can emulate loads of space heating and domestic hot
water consumption for different building sizes and ages. Through the experimental investigation it
can be concluded the following:

• SH/DHW sensor position influence the number of starts and might lead to short cycling, yet it is
not the main parameter influencing the COP
• Tank set temperature has a direct impact on COP. Thus, for the same required supply temperature,

having a sensor at a higher position along with a high set temperature could be exactly equal to
having the sensor at a lower position with a low set temperature
• Having short cycles do not always lead to a lower COP, it can actually increase the average COP

of the system as it maintains a lower temperature in the tank
• In case the heat pump is delivering directly to the building without a storage or once there is a

consumption from storage, the long or short cycles do not have an impact on the COP
• Higher number of starts might lead to a shorter life for the compressor, consequently, a cost of

start has to be included to balance the benefit of the higher COP with short cycles. Otherwise,
the EMS might tend to increase the number of starts per day of the heat pump, if no flexibility is
required from the grid

The aforementioned experimental data was used to develop a Modelica model that can accurately
model the dynamics and behavior of the heat pump. Comparing the daily energy consumption of the
measurements of the testbed to the model, it was found that the difference in heat generation and the
electricity consumption is only 3% and 4%, respectively. Moreover, the model can be easily solved for
a 1-year time horizon of one-second resolution in 22.3 seconds on a personal computer. Thus, it can be
easily integrated into a complete building model without slowing down the solver.

The developed testbed opens the horizon towards several other investigations and demonstration
of multiple methods. As a next step, it is planned to integrate the testbed as part of a hardware in the
loop (HiL) system as presented in [36]. Through that HiL system, a communication can be performed
with different models to emulate real-life conditions.
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