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Abstract

Latent heat thermal energy storage (LHTES) bears the advantage of high energy storage density and
balancing demand and supply. A promising application for residential buildings is the use of a compression
heat pump (HP) in combination with a LHTES to generate domestic hot water (DHW) with the aid of the hot
refrigerant compressor discharge. In this case the LHTES enables load shifting, heat pump operation
harmonization and results in energy efficiency improvement. The setup investigated here is built of a
compact combination of an air/water compression HP with R32 as refrigerant and a novel 3-media —
Refrigerant, Phase Change Material (PCM) and Water — Heat EXchanger (RPW-HEX) which is directly
integrated into the HP cycle between compressor and condenser. A key challenge of this combination is the
dynamic system operation and control which is experimentally examined in this work. RPW-HEX charging
and discharging as well as continuous operation is analyzed based on several weeks of operation. In this
work it is proven that the proposed combination is capable to operate stable over a wide operating range and
to generate DHW effectively.
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1. Introduction

The demand for heating and cooling has seen a tremendous upswing in the past. Solely the cooling
demand is reported to have five-folded between 1990 and 2014. For this reason, a great share (approx. 40%)
of today's world's final energy consumption is used for heating and cooling applications in buildings as well
as industries. In these applications about 65% is attributable to fossil fuels [1,2]. A cut in the fossil fuel
consumption and switch to renewable energy sources is inevitable to reach the 20/20/20 target set by the
European Union [3,4] and to limit the effects of climate change [5].

The trend towards energy sustainability is a key challenge and at the same time an opportunity for
enabling technologies. Among others, the compression heat pump (HP) technology is traded as an enabling
technology for a future carbon-emission free world. The technology enables efficient, carbon emission-free
heat and cold when embedded into a renewable electricity grid. For this and other reasons the technology has
seen a tremendous rise with continuously growing sales - three years in a row double-digit growth rates
(2015-2017) have been reported - passing the 1-million-unit sales figure in the EU-21 end 2017 [6].

Compression HPs are particularly interesting in building applications where they serve to deliver cooling
in summer, heating in winter and domestic hot water (DHW) all year long. Radiant heating and cooling by
means of underfloor heating in office and residential buildings offer superior internal comfort compared to
legacy air condition system for heating. The low temperature level for heating can be provided at excellent
efficiency by HPs’ [7]. On the other hand, DHW must be provided at elevated temperatures to tackle the risk
of legionella [8]. These elevated temperatures go hand in hand with lower COPs and therefore with a
significant higher electric energy consumption of the HP compared to the operation in heating mode. Hence,
concepts, that can lower the electric energy consumption for DHW generation are more than welcome. This
transient and high-temperature operation and the resulting inefficiencies for HPs’ give rise to novel concepts
which include thermal energy storage (TES). By means of load shifting and harmonization of the HP
operation they can provide energy savings and result in a cost advantage [9]. TES systems can include
sensible energy storage, e.g. water tanks, or latent heat thermal energy storage (LHTES) using phase change
material (PCM). LHTES offer high thermal energy storage densities but the selection of the best-suited PCM
material is a key issue to take advantage of the technology [10].

« 1029



FULL PAPER

1030 »

13th IEA Heat Pump Conference 2020

A promising application for residential buildings is the use of a compression heat pump (HP) in
combination with a LHTES in residential buildings to generate domestic hot water (DHW) with the aid of
the hot gas of the refrigerant at compressor discharge. The setup investigated here is built of a compact
combination of an air/water compression HP using R32 as the refrigerant and a novel 3-media — Refrigerant,
Phase Change Material (PCM) and Water — Heat EXchanger (RPW-HEX) which is directly integrated into
the HP cycle after the compressor. High-temperature heat is transferred from the hot compressor discharge
gas to the RPW-HEX to charge the PCM during heating or cooling operation. In DHW generation operation,
low-temperature heat continues to be delivered from the condenser of the HP and only the remaining energy
needed to reach the desired DHW temperature is covered by discharging the PCM inside the RPW-HEX to
the water circuit.

The concept was originally presented by Emhofer et al. [11] who proved the considerable annual energy
performance advantages compared to legacy systems. More than 120 potential suitable PCM materials for
this concept were screened by Zsembinszki et al. [12] and, based on key performance indicators, the most
suitable material was selected.

While a detailed techno-economic analysis of the systems is presented at this conference as well [13].
This contribution focuses on the experimental validation of the HP/RPW-HEX system including:

e RPW-HEX charging operation,

e RPW-HEX discharging operation,

e Continuous charging/discharging operation, and

e  Continuous charging/discharging operation for DHW generation.

2. Technology
2.1. Heat pump technology

The heat pump is a water/air type heat pump with R32 as the refrigerant and comprises an inside unit, an
outside unit, and the RPW-HEX. The schematic process flow diagram of the setup is depicted in Fig. 1.
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Fig. 1 Process flow diagram of the compression heat pump setup with the inside unit (light green), the outside unit (light blue) and the
RPW-HEX (light orange).

In the inside unit, the compressor @ is placed which is driven by a variable speed drive. The frequency
converter of the variable speed drive has a DC bus that is routed to the outside and therefore can handle AC
and DC-supply as well. This allows for the direct use of DC energy from PV. After passing the oil separator
(2) the hot compressor exhaust flows to the RPW-HEX (3). Inside the RPW-HEX high-temperature sensible
heat is effectively recovered from the refrigerant and stored mainly in the PCM. The 4-way valve (4) allows
to reverse the flow of the refrigerant and facilitates either cooling or defrosting operation. In heating mode
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operation, the hot refrigerant is directed to the condenser (5) to heat the process water flowing to the heat
sink. After passing a filter dryer (6) and a gauge glass (7) the refrigerant is subcooled in the sub-cooler (9),
expanded in the expansion valve before entering the evaporator @ The outside unit is equipped with a
variable speed fan (12 controlled depending on the operating conditions. A small refrigerant collector (13)
(pipe in pipe-type) is used to allow operation over a wide operating range while keeping the refrigerant
volume low. The 4-way-valve closes the refrigerant cycle and directs the refrigerant to the compressor
suction side. To limit the temperature at the compressor exit — a peculiarity of the R32 refrigerant cycle —
liquid refrigerant is injected into the compressor suction side using the liquid injection valve (8). In cooling
or defrosting operation, the 4-way-valve directs the hot refrigerant to the evaporator, where it condenses
releasing heat. The cold refrigerant then passes the condenser where it evaporates absorbing low-temperature
heat for cooling. In the water circuit a safety valve is placed to avoid overpressure in the water circuit of
the heat pump. To compensate for the density fluctuation, the expansion tank (5) is placed. The water pump
compensates for the pressure drop of the condenser. After passing the condenser an electric heater 17)
would allow covering the demand whenever the heat pump delivers insufficient thermal power. However,
this additional electric heating was never used in the experiments. To control the feed-water temperature the
3-way valve (18) is used allowing to mix the water from the condenser and the RPW-HEX.

2.2. RPW-HEX

The RPW-HEX is a novel 3-passage heat exchanger made of aluminum (110 kg empty mass) and
includes a refrigerant passage, a phase change material (PCM) passage and a water passage (a cross-section
is illustrated in Fig. 2 right).

The high-temperature heat is extracted from the compressor discharge and, depending on the operating
condition, stored inside the PCM and/or transferred to the water directly. To enhance the heat transfer,
aluminum fins are placed inside the PCM, the refrigerant passages, and the water passages. The RPW-HEX
is filled in total with 40 kg of PCM. The PCM is manufactured by Rubitherm Technologies type RT64HC
[14] which melts at 63-65 °C and has a total latent heat storage capacity of about 2.8 kWh. For the
experimental evaluation, the RPW-HEX is equipped with in total 14 thin-film PT-100 temperature sensors
class A (manufacturer RS-components type 70643577), which are directly applied to the surface of the
RPW-HEX. A pressure transmitter is attached to the PCM section to capture the pressure caused by the
volume displacement of the melting PCM. A schematic of the RPW-HEX including the position of the
temperature sensors is shown in Fig. 2 left.
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Fig. 2 Left: Schematic of the RPW-HEX showing the refrigerant pass (ref;, and ref,) the water pass (wat;, and wat,,) as well as sensor
positions () to (@5). Temperature sensors are attached to the surface of the RPW-HEX and include position (1) to @4). A pressure
sensor is attached to the PCM section indicated at position (15). Right: Cross-section of the RPW-HEX showing the refrigerant passage
(ref), the PCM passage (PCM) and water passage (wat).

« 1031



FULL PAPER

1032 «

13th IEA Heat Pump Conference 2020

2.3. Energy balance calculations

Thermal energies were determined based on temperature, pressure, and flow rate measurements.
Measurements were taken in the refrigerant cycle and the water circuit. The following thermal energies were
determined:

e Econ: energy from the condenser either during charging Econg charge OF discharging Econg discharge based
on measurements in the water circuit directly at the inlet and outlet of the condenser.

e Erpww: energy from the RPW-HEX based on measurements in the water circuit directly at the inlet
and outlet of the RPW-HEX.

e Erpwr: energy from the RPW-HEX based on measurements in the refrigerant cycle directly at the
inlet and outlet of the RPW-HEX.

e Erpw: energy from the RPW-HEX itself (PCM and aluminium) derived from

Eppw = ERPWW - ERPWR (1)

e E\: energy transferred from the HP/RPW-HEX system to the water circuit based on measurements in
the water circuit at the inlet and outlet of the entire system.

3. Experiments
3.1. Experimental setup

To assess the performance of the RPW-HEX integrated in the HP cycle, the system was placed in a
controlled laboratory environment at the AIT Austrian Institute of Technology. The laboratory infrastructure
allows for high precision control of the temperature and flow rate of water to the system. The outside unit of
the heat pump was placed in a climate chamber enabling air temperature and humidity control over a wide
range (down to -20 °C). Calibrated water temperature, pressure/pressure drop and flow sensors, air humidity
and temperature sensors, as well as electric consumption meters, were used. A mass flow meter (Coriolis
type), positioned after the gauge glass (7) (see Fig. 1), allows measuring the refrigerant mass flow rate. Note,
the refrigerant mass flow rate was not always accessible because of 2-phase flow in the sensor at certain
operating conditions. In addition to these sensors, heat pump internal sensors (mainly temperatures, pressures,
and flows) were integrated into the laboratory control and data acquisition system via Modbus interface to
allow for control and real-time monitoring of the system operation.

For testing, the system was filled with 3.9 kg of R32 and water was used in the hydraulic circuit. The
arrangement of the HP and RPW-HEX including hoses and measurements is shown in Fig. 3.
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Fig. 3 Experimental setup showing the heat pump inside unit (green), the RPW-HEX (orange) and hoses and sensors for the flow rate
measurements (violet).

3.2. Experimental campaign

To gain an understanding of the operation of the HP with an integrated RPW-HEX a series of experiments
have been conducted. For these experiments the climate chamber, where the outside unit of the heat pump
was located, was operated at -7 °C dry/-8 °C wet bulb temperature, which reflects the requirements
prescribed by the EN 14511 for HP testing. The water inlet temperature of the heat pump (“RETURN” in
Fig. 1) was held constant to 33 °C while the water mass flow was changed depending on RPW-HEX
charging or discharging operation. In the first measurement series solely charging or discharging was
investigated, while in the second series the system was operated cyclical (continuous charging/discharging
operation). Furthermore, the water mass flow through the RPW-HEX controlled by the three-way valve ((18)
in Fig. 1) was once switched between on/off only (discharging I operation) and the other time varied to
guarantee a stable outlet temperature to the heat sink (discharging II operation). The water flow rates have
been selected to meet the requirements in typical operation of such a system. An overview of the experiments
is shown in Table 1.

Table 1. Overview of experiments

Water mass flow in kg/s  Flow rate through the RPW-HEX

Series  Description Compressor speed in % . . N . . X
charging discharging  during discharging
1 charging 90 0.245 - none
1 discharging I 0 - 0.14 constant
1 discharging 1T 90 - 0.14 constant
2 cyclic operation I 90 0.245 0.14 constant
2 cyclic operation II 90 0.245 0.14 variable
4. Results

4.1. Experiments Series 1

Series 1 focused on the complete charging and discharging behavior of the system considering long term
charging and discharging to assess the operating limits of the RPW-HEX.

For the first charging experiment (cf. charging in Table 1) the system was operated for more than 20
hours where the measured RPW-HEX temperatures, as well as RPW-HEX refrigerant outlet temperature, is
shown in Fig. 4. The RPW-HEX was pre-heated to 33 °C at the beginning with the aid of the external water
cycle. The refrigerant inlet temperature to the RPW-HEX was almost constant at approx. 110 °C. After
approx. 4, 10.5, and 17 hours of operation, the HP switched to defrosting operation (refrigerant cycle
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operated in reverse mode) due to icing of the outside unit. The defrosting operation caused a sharp decrease
of RPW-HEX temperatures T-101 to T-103 as well as RPW-HEX refrigerant outlet temperature (T-06)
attributable to the drop of compressor outlet temperature in this operating mode. After about 6.5 hours of
operation all RPW-HEX temperatures passed the melting temperature of 64 °C of the PCM. The steep
increase of T-107 to T-109 (blue lines) as well as T-06 after this event can interpreted as the end of melting
of the PCM inside the RPW-HEX.
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Fig. 4 Experimental results for the charging test in Series 1. Left: Partial enthalpy diagram PCM melting [14]. Right: Measured
temperature profiles of RPW-HEX surface temperature measurements (T-101 to T-114, cf. Fig. 1) as well as RPW-HEX refrigerant
outlet temperature (T-06).

To obtain the thermal energy stored in the RPW-HEX for the first discharging experiment (cf.
discharging I in Table 1), the heat pump was switched off and the entire water was directed to the RPW-
HEX using the 3-way valve (cf. in Fig. 1) in the water circuit. Discharging was stopped once the RPW-
HEX temperatures reached the level of the water inlet temperature (33 °C) — after about 1 hour. The PCM
has two solidification peaks: at 64 °C and 61 °C (cf. Fig. 5 left). The 64 °C solidification peak was very well
observed from the RPW-HEX temperature measurements while the second solidification peak at 61 °C
appeared later in the experiments at about 57°C (cf. Fig. 5 middle). This may be an indication of delayed
solidification which has been observed by others as well [15-17]. The same melting/solidification behaviour
was found for a different LHTES application and phenomenological modelling was presented in [18].
However, the experiments revealed that the water temperature at the RPW-HEX outlet can reach up to 85 °C
(cf. Fig. 5 right) if the three-way valve is fully open. This must be considered for the implementation in
residential buildings where often plastic-compound pipes with a maximum operating temperature of 75 °C
are used today. After the 85 °C peak the water reaches a plateau at about 57 °C, which can be attributed to
the second solidification peak of the PCM. At the end of the discharging experiment, in total 6.3 kWh
thermal energy was extracted from the RPW-HEX if it is cooled from initial approx. 90 °C to 33 °C.
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Fig. 5 Experimental results for the discharging I test in Series 1. Left: Partial enthalpy diagram PCM melting [14]. Middle: Measured
temperature profiles of RPW-HEX surface temperature measurements (T-101 to T-114, cf. Fig. 1) as well as RPW-HEX refrigerant
outlet temperature (T-06). Right: Water temperatures at the inlet and outlet of the RPW-HEX as well as thermal power and energy from
the RPW-HEX.

The discharging experiment with running compressor (cf. discharging II in Table 1) is shown in Fig. 6.
Similar solidification plateaus were observed compared to the discharging I test. However, for this test the
solidification plateau appeared even more pronounced because the water, in this case, was pre-heated by the
condenser to about 45°C and therefore, less energy was drawn from the RPW-HEX compared to
discharging I at the beginning (cf. orange lines in Fig. 5 and Fig. 6 right). The experiments showed that with
running compressor the RPW-HEX is not only discharged but also allows to direct exchange heat between
the refrigerant and the water side, transferring approx. 2.5 kW (see Qgpw. in Fig. 6 right after about 50

minutes).
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Fig. 6 Experimental results for the discharging II test in Series 1. Left: Partial enthalpy diagram PCM melting [14]. Middle: Measured
temperature profiles of RPW-HEX surface temperature measurements (T-101 to T-114, cf. Fig. 1) as well as RPW-HEX refrigerant
outlet temperature (T-06). Right: Water temperatures at the inlet and outlet of the RPW-HEX as well as thermal power and energy
transferred from the RPW-HEX to the water circuit.

4.2. Experiments Series 2

To test the continuous operation of the system, it was operated in subsequent charging/discharging cycles.
Based on the results from complete charging/discharging tests both the optimal conditions for switching
between both operating modes was identified. Charging of the RPW-HEX should preferably end if all the
PCM is molten. As an indicator for this event, the point in time when the average value of T-107, T-108 and
T-109 exceeds 70 °C was identified (cf. Fig. 2). Discharging was stopped once the water temperature at the
RPW-HEX outlet dropped below 55 °C. This limit was selected since a lower temperature is considered
useless for DHW generation and most of the latent energy should already be released from the RPW-HEX at
this point (cf. outlet temperature in Fig. 6 right), too.

For the first cyclic operation test run (cf. cyclic operation I in Table 1), the 3-way valve (cf. in Fig. 1)
in the water circuit was not controlled, but rather fully opened or closed. To meet the requirements in a real
application, the water flow to the system was reduced for RPW-HEX discharging operation.

For cyclic operation I the system was operated for more than 50 hours covering 7 RPW-HEX charging
and discharging cycles (see Fig. 7). While the charging cycle took between 6-7 hours, depending on how
many defrosting cycles were needed, the discharging cycle always took approx. 30 minutes.
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Fig. 7 Experimental results for the cyclic charging I test in Series 2. Shown are the RPW-HEX surface temperatures.

The energy balance for one typical charging/discharging cycle in test run cyclic operation I is depicted in
Fig. 8 left. While charging the RPW-HEX, about Econgcharge=49.2 kWh is delivered from the condenser,
which can be used for heating purposes. During discharging of the RPW-HEX about 60% of the energy is
attributable to the RPW-HEX (Erpww=5.36 kWh). Only about Econg gischarge=3-5 KWh is covered by the
condenser which, however, is crucial for efficient DHW generation. During the complete
charging/discharging cycle, about E,=56.7 kWh is delivered to the water circuit, which is 1.37 kWh less
than what is recovered from the condenser and the RPW-HEX. This discrepancy is caused by thermal losses
in the piping system.

A detailed analysis of the energy balance during discharging is given in Fig. 8 right (shown as stacked
plot). Based on the measurements, it is obvious that a share of about 11% is attributable to direct heat
transfer from the refrigerant — the hot gas from the compressor — to the water. The analysis also reveals that
about 0.86 kWh appears as thermal loss, which is relatively high compared to the total cycle (1.37 kWh).
This is because the thermal energy loss is attributable to stagnant water in the piping system to the RPW-
HEX, which becomes effective during discharging operation only.
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Fig. 8 Energy balance considerations for one typical charging/discharging cycle for test run cyclic operation I in Series 2. Left: Energy
transferred to the water cycle for one complete charging/discharging cycle. Right: Energy transfer during discharging illustrated as
stacked plot.

For the efficient use of the thermal energy stored in the RPW-HEX, the temperature at the outlet of the
system must be controlled. This is obtained by controlling the 3-way valve (cf. in Fig. 1) and mixing

1036



13th IEA Heat Pump Conference 2020

warm water from the condenser outlet with hot water from the RPW-HEX outlet. Therefore, a control loop
was implemented (cf. cyclic operation II in Table 1) to reach a target temperature of 55 °C at the system
outlet for the use as DHW.

Measured water temperatures for one representative discharging cycle for test run cyclic operation II are
shown in Fig. 9 left. The discharging time is longer, compared to the test run cyclic operation I since only a
part of the water passes the RPW-HEX. Due to the reduced water flow for discharging, the condenser outlet
temperature immediately increased from 41 °C to 45 °C and then drops to 43 °C later due to increased heat
transfer inside the RPW-HEX caused by decreasing PCM temperature during discharging. Similarly, the
discharging experiments presented before the RPW-HEX water outlet temperature increases quickly and
reaches about 82 °C after about 2 minutes. The water temperature at the system outlet at the beginning
decreases quickly reaching a mere at 38 °C due to the stagnant water in the piping system of the RPW-HEX
— as mentioned before here as thermal energy loss. However, after about 5 minutes the setpoint (55 °C) at the
system outlet is reached and DHW is obtained for about 42 minutes.

The detailed analysis of the energy balance is given in Fig. 9 right. Compared to the test run cyclic
operation I (cf. Fig. 8 right) the total energy available for DHW increases by 22%, while the contribution
from the RPW-HEX (Egpyw) is almost equal. This is caused by the increased contribution from the condenser
(Econd discharge) and the direct heat transfer from the hot gas (Erpws).
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Fig. 9 Left: Temperature profiles in the water circuit for a typical discharging cycle for test run cyclic operation I in Series 2. Right:
Energy transfer during discharging illustrated as stacked plot.

5. Conclusions and Outlook

In this work, it was experimentally verified that the proposed setup, a LHTES — in the form of an RPW-
HEX - integrated in the hot gas section of the refrigerant cycle of a compression HP, allows for effective,
parallel generation of heat and DHW for residential buildings at a beneficial COP. Startup, normal operation,
reverse cycle operation, i.e. outside unit defrosting, shutdown and restart operation were successfully tested
without major difficulties. However, it was found that care must be taken to avoid condensation of
refrigerant inside the RPW-HEX — a safety measure to avoid refrigerant, and potentially also oil
accumulation inside the refrigerant section of the RPW-HEX. This requirement demands adapted startup and
operation procedures which shall be implemented on the level of the HP controller.

The RPW-HEX surface temperature measurements turned out to be effective to trigger discharging in an
automated system. Certain temperatures can give an idea for the melting and solidification peaks of the PCM
inside the RPW-HEX.

The continuous charging/discharging operation of the system revealed that for the selected operating
conditions the current design of the RPW-HEX can deliver approx. 8 kWh of DHW per discharging cycle
and 3 discharging cycles can be obtained per day. Compared to what is needed according to EN16147 (2017),
this is 1.36 times the daily DHW consumption of an average apartment (5.845 kWh) per discharging cycle.
Therefore, the RPW-HEX with decentral sensible DHW storages (cf. [11,13]) may serve DHW to in total 4
apartments if a constant return water temperature of 33 °C is assumed. Note, that the return water
temperature from the sensible DHW storages in a real-life application strongly affects this temperature value.
Switching between heating and DHW generation was smooth and HP operation itself was uninterrupted
neither had to be adjusted. This clearly underlines the ability of the system for effectively shifting thermal
loads, harmonizing the operation to run the HP at high efficiency although generating high-temperature heat.
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Based on the knowledge gained from the experimentation the design of the RPW-HEX, the defrosting
operation procedure, and the startup-procedure were adapted. A new optimized design of the RPW-HEX is
currently being manufactured to be tested in near future.
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