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Abstract: A heat pump is an energy-effective technique to provide heating for buildings using
available heat sources from the environment. Solar irradiation and ambient air are the most accessible
heat sources among different heat sources; however, they are unstable for a day or several days.
A large volume of the heat storage tank is usually required to provide a stable heating supply. As the
most commonly used media for heat storage, water has a limitation on the heat storage temperature,
i.e., above 0 °C, limiting its density of energy storage. This paper presents an experiment that
evaluated the performance of a developed ice source heat pump used for assisting a solar heating
system. The ice source heat pump can extract both sensible heat and the latent heat of water freezing,
which doubles the density of energy storage and increase the heating output by 50%. The experiment
results showed that the solar heating system tested could supply hot water at the highest temperature
of 60 °C (with intense sun irradiation) and the lowest temperature of 40 °C (without sun irradiation).
The min COP of the ice source heat pump was three, measured when the heat pump extracted heat
from the ice water. This technology could be used for domestic heating with 50% reduced heat
storage volume.

Keywords: heat pump; ice slurry; solar heating; heat storage and phase change material

1. Introduction

Solar irradiance is a clean and renewable energy source. Solar heating technology has
been well developed and widely used; however, solar collectors are only productive during
the day when domestic heating demand is at its lowest, and in the evening, once demand
increases, the heat is no longer available [1]. In Denmark, solar heating encountered even
more problems in winter due to the frequent and prolonged cloudy sky that blocks most of
the direct normal irradiance (DNI), resulting in the temperature of the heat collected being
too low (e.g., lower than 10 °C) to be used for space heating. One solution is using a heat
pump to raise the temperature for space heating [2,3]; however, the freezing point of water
is a limitation for a heat pump to extract heat when water is used as the medium of heat
storage. Yang et al. 2021 [4] reviewed the solar-assisted air source heat pumps approach for
domestic heating. The review results showed that more research is still required to improve
the performance of such a combined system and reduce initial cost compared with existing
heating systems based on hydrocarbon combustion.

In whatever designs of a solar heating system, heat storage is required to maintain
heat supply when solar irradiation is unavailable. Krockenberger et al., 2014 [5] presented
a small heat pump-assisted solar thermal system designed for the climate in Indianapolis
and Atlanta, where a 300 L heat storage tank was used for heat storage. In the Danish
winter climate, a 300 L water tank is far from enough for heat storage, especially when
there is no DNI during the day. To collect enough heat, a giant water tank is required to
store sufficient heat, especially the low-temperature heat, to be pumped into the heating
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space. For a single-family house in Denmark, the volume of a heat storage water tank was
estimated to be at least 1 m3 or bigger, which is not suitable to be installed in a house. Even
if adding an anti-freezing agent can decrease the freezing point of water, it will also reduce
the COP of the heat pump when operating at a lower evaporating temperature and results
in higher power consumption of heat pumps.

As a matter of fact, there is a large amount of energy that can be extracted from water
when it freezes into ice (i.e., 334 kJ /kg, equivalent to 80 °C of temperature change of the
same amount of water), and the temperature during this heat extraction process remains
constant at 0 °C without decreasing the COP of the heat pump. If the latent heat of water
freezing can be used as the heat source of a heat pump, the volume of heat storage in a
solar heating system can be reduced by about 50%. So far, a solar heating system using
such technology has not been reported.

This paper presents a new technique—an ice source heat pump (ISHP)—that breaks
the barrier of water freezing when a heat pump extracts heat from the water and utilizes
the latent heat of water when freezing into ice as the heat source of a heat pump.

2. Materials and Methods

A prototype solar heating system with ISHP was developed for a laboratory test. The
test was conducted using an actual solar panel for collecting solar heat during a Danish
winter climate from January to April 2020.

2.1. Ice Source Heat Pump (ISHP)

The concept of the ice source heat pump is created based on an invention of newly
developed ice diffusion interrupting technology [6] that can prevent the diffusion of ice
formed on the surface of a water pipe with super-cooled water flow. The ice diffusion
interrupter installed at the outlet of a plate heat exchanger can effectively prevent ice from
forming on the surface of a pipe and diffusing back into the heat exchanger, blocking the
heat exchanger; therefore, an ordinary plate heat exchanger can be modified to generate
super-cooled water at —2 to —3 °C without freezing (no anti-freezing agent is required).
When the super-cooled water leaves the heat exchanger, it enters a specially designed ice
crystal promoter [7,8], where the super-cooled water freezes in the form of ice slurry. In
this process, the frozen water releases its phase change heat of 335 k] /kg and warms up the
super-cooled water to 0 °C. The ice slurry can be transported through a pipe without the
risk of further freezing.

Combining this technology with a heat pump, the heat pump’s evaporator can produce
super-cooled water that will then freeze to ice slurry in a controlled manner. The ice slurry
flows into a heat storage tank and keeps the temperature in the tank at 0 °C. The heat
pump continuously sucks the 0 °C water from the tank and pumps the heat released from
the phase change of ice formation until all water in the tank freezes into ice. In such
a process, the heat source of the heat pump is the phase change energy of water when
freezing into ice and, therefore, the name of the ice source heat pump (ISHP) was given to
the technology [9,10].

2.2. Design of the Solar Heating System with ISHP

The ISHP has been developed with capacities from several hundred watts to several
hundred kilowatts levels. The ISHP designed for this study had a heating capacity of
4.6 kW when extracting heat from the cold water of 0 °C to produce hot water of 40 °C.
The design of the ISHP at this capacity was merely selected based on the heating/cooling
capacity of the lab for conducting the test. The test solar heating system with ISHP was
designed as shown in Figure 1. It consists of a heat collecting system including a solar
panel to collect solar heat irradiation and fan coil 1 to collect heat from ambient air, a heat
storage water tank, an ISHP, and a hot water buffer tank with fan coil 2 to simulate the
heating load.
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Figure 1. Schematic diagram of the solar heating system with ISHP.

A vacuum tube solar panel was used to collect the heat of solar irradiation. To avoid
freezing inside the solar panel and in the connecting water pipe, the anti-freeing agent was
added to the water; however, the water inside the heat storage tank should not contain an
anti-freeing agent; therefore, a plate heat exchanger was installed between the solar panel
and the heat storage tank to transfer heat without mass exchange between the two water
circulations. The heat from ambient air was collected by fan coil 1 during the night if the air
temperature was higher than 3 °C and when ice was formed inside the heat storage tank.
It was an auxiliary heat source that could be used to melt the ice. This low-temperature
air heat source is often available in the Danish climate during the night when no solar
irradiation is available.

The heat storage tank was designed with three water circuits. It collected heat from
the heat collecting system and provided heat directly for space heating when the water
temperature was higher than 40 °C or provided heat to the heat pump when the water
temperature was lower than 35 °C. Figure 2 shows the design of the heat storage tank.

Water tank

Figure 2. Design of the heat storage tank (Wj,: water inlet, Woy: water outlet, WF: water filter, IS: ice
slurry inlet, S1 and S2: ice level sensors).
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The heat storage tank was made of double-lays stainless steel (1.5 mm inside and
0.5 mm outside) with 50 mm 45 kg/m3 polyurethane foam thermal insulation in between.
The max heat transfer between the ice water in the tank and the ambient air in the lab was
calculated as less than 8.5 W, which was negligible compared to the heating output of the
ISHP. The temperature of water in the tank was measured on top and at the bottom of the
water tank. The difference in temperatures measured on top and at the bottom of the water
tank was very little when ice was formed on top (i.e., less than 0.2 °C when the system
reached a steady state). Since the water outlets were at the bottom of the tank, the water
temperature measured at the bottom was used for controlling the system and shown in the
results of this paper representing the temperature of water in the heat storage tank.

The ISHP was designed based on the requirement of space heating using radiant
heating systems. The hot water supply of the heat pump was designed at 40 °C, which is
suitable for the radiant low-temperature heat system that is the most popular domestic
heating system used in Denmark and will also be used in the future. Using R134a as the
refrigerant, the COP of this ISHP was above 3 when providing hot water of 40 °C at the
heat source temperature of 0 °C.

Fan coil 2 was used to simulate heating load, and the buffer tank was used to mimic
the thermal lag of a building. Since the ISHP operated in on/off control mode, the thermal
lag was required to avoid too rapid on and off the compressor in the heat pump.

The whole system was controlled by a computer with the following algorithm. When
the water temperature in the heat storage tank is above 40 °C (40 °C is sufficient for most
radiant heating systems), the hot water is used directly for space heating without starting
the heat pump. When the water temperature in the tank goes below 35 °C, the heat pump
will start to provide space heating. The heat pump will first run in a normal operation
mode to pump heat from the heat storage tank to the heating space. The water temperature
in the tank will decrease with the heat pump’s operation. When the water temperature in
the tank drops to 0 °C, the ice source heat pump mode will be initiated automatically to
generate ice slurry to the heat storage tank. In the ice source heat pump operation mode,
ISHP pumps the latent heat released from the ice formation to the heating space. The COP
of the heat pump will first decrease with the decreasing of water temperature in the heat
storage tank before the ice slurry is generated. When the ice slurry is pumped into the heat
storage tank, the temperature in the tank remains constant at 0 °C, and the COP of the heat
pump will also remain constant without further decrease.

Temperatures in the system were measured by Pt100 temperature sensors using Agi-
lent 34972A data logger with a resolution of 0.01 °C. The accuracy of the whole temperature
logger (including sensors and the datalogger) was calibrated with an accuracy better than
£0.2 °C. The power consumption of the heat pump was measured by the Chauvin Arnoux
F27 power meter with an accuracy of +-2%. The water flow rate was measured by Grundfos
MFS multi-flow sensors with an accuracy of +1% FS.

2.3. Experimental Setup

The developed solar heating system with ISHP was installed in a lab for testing solar
heating devices. A vacuum tube solar heat collecting panel was installed on the roof of the
lab to collect solar heat. The heat generated from the ISHP was rejected by a fan coil unit to
simulate the heat load of a heated space. An electric heater was used to simulate the heat
collector of ambient air (fan coil 1). It supplied 1.5 °C of recirculated water during the night
when water temperature from the solar collector decreased to lower than 2 °C. The whole
system was controlled by a computer and automatically operated for two months during
February and March of 2020, for the data collection. Figure 3 shows the ISHP and the solar
collector installed in the solar lab and ice slurry in the heat storage tank.
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Figure 3. (a) Vacuum solar collector used in the experiment; (b) the ISHP installed in the solar lab;
(c) the ice slurry in the heat storage tank.

3. Results

Before testing the complete ISHP solar heating system, the COP of the ISHP was
tested at various hot water output temperatures when it operated in the ice mode, i.e., the
temperature of the heat source was kept constant at 0 °C. The results of the COP test are
shown in Table 1. The ice packing factor was between 45-55%.

Table 1. Performance of the ISHP tested in the lab.

Temp. in Heat Temp of the Hot  Flowrate of Hot  Power of the Heat COP of

Storage Tank Water Output Water Output Compressor Output the
O Q) (L/min) (kW) (kW) ISHP

0 50 13.08 1.88 4.56 2.40

0 45 13.17 1.68 4.68 2.79

0 40 13.15 1.49 4.58 3.07

0 35 13.18 1.35 4.59 3.40

0 30 13.20 1.27 451 3.55

The results of the solar heating experiment from March 2 to March 11 in 2020 are
shown in Figure 4. The figure shows the water temperatures in the bottom of the heat
storage tank and the heating supply temperature collected for ten consecutive days.

Figure 4 shows the data collected in early March when the weather was relatively cold.
The outdoor air temperature and solar irradiation measured in the same location during the
same period are shown in Figure 5. Comparing Figures 4 and 5, it can be observed that the
water temperature in the heat storage tank mainly followed the strength of solar irradiation
during the day. At night when no solar irradiation was available, the water temperature
in the heat storage tank decreased to 0 °C, and the heat pump extracted latent heat of the
water for space heating and produced ice. During this period, the water temperature in
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the heat storage tank was maintained constantly at 0 °C until the following day, when sun
irradiation was available again. After absorbing solar heat and the heat from ambient air,
all ice was melted, and the water temperature increased during the daytime. It can be
observed that the temperature in the heat storage tank decreased to 0 °C every day during
the night, which means that the ISHP had to extract latent heat of the ice formation for
heating. Each morning, a time delay on the temperature profile of the heat storage tank
could be observed after the solar irradiation started. The delay was the time required to
melt all the ice inside the tank by the solar irradiation.

------- Temperature in heat storage tank Temperature in heating buffer tank
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Figure 4. Water temperature in the heat storage tank and the heating buffer tank between March 2
and 11, 2020.
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Figure 5. Ambient air temperature and solar irradiation in the location of the experiment between
March 2 and 11, 2020.

In early March, the solar irradiation was not strong enough to heat the water in the
heat storage tank to 40 °C; therefore, heating was supplied by the heat pump. The solar
heat and the low-temperature heat from ambient air were stored in the heat storage tank in
the form of both sensible and latent heat to be used by the ISHP.

In Figure 4, it can be observed that the heating supply temperature output from the
ISHP was maintained at 3540 °C except for a few hours on the morning of March 11.
During this period, the ISHP stopped because the ice reached the inlet filter of the ISHP,
which triggered the ice level sensor in the bottom of the tank and turned off the heat pump.
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By examining the weather data, it can be seen that it was due to three consecutive cloudy
days without sufficient solar irradiation to melt the ice in the heat storage tank; however,
the heating supply temperature only decreased to 25 °C, and the ISHP restarted on the
morning of March 11 when the solar heat melted the ice.

The same experiment was repeated from March 28 to April 6 in 2020 when the weather
was warmer with intense solar irradiation. The results are shown in Figures 6 and 7.
Figure 6 shows that on 7 out of the 10 days, the water temperature in the heat storage tank
was heated to over 40 °C for more than 6 h by the solar irradiation during the daytime.
During this period, heating was supplied directly from solar heating, and the heat pump
stopped operating. On some days, the water temperature in the heat storage tank went
down to 0 °C during the night, and the ISHP switched to ice mode to extract heat from
the phase change of water freezing for a short time. On 3 out of the 10 days, the water
temperature in the heat storage tank was lower than 40 °C due to the two consecutive days
of cloudy weather on 1 and 2 April. During these three days, heating was supplied solely
by the heat pump, and the heating supply temperature was still maintained at 35-40 °C.

------- Temperature in heat storage tank Temperature in heating buffer tank
»
—~ g5 A
o
~ 1 i
40 i Al ih {4 ; I —
Q | Ty Dbl (kbbb kbbb A b Yy | VYT [T 578 AT A 9 e . 111 %
o IR T T ot e e e AR R
- | [ | i { ] { 1y 1 1
i | ‘ { I
2 30 - - L - i |
o Voo oA P ; = 4 I ;
2 3 H 3 ! ! i \ H \ I ! |
Q ! i
a 20 ) !
£ Vo | H
Vo \ |
\ kS . : !
Vo \
;u_') 10 \ | | Y ™ T \ v
J \ \ 1 \ \ | \ i LY
% ' \ X ) 3
3 \ \ \ . & \ 4
0 \ut W/ ¥ w’“*w««.ﬂ)‘( —r W
AN ~N0OMNMTOAMOTUANNDAAILANUUNDeE OOdAITNeNVOMUT ONTN™NoM
NedaNNeNNoedadadNMTNdNINANdNTINdNT ) dddcd TS
HDQONTANOCOAINOWNDT DA T AR ANMNMADOT dONDOONT NOD XN N
O AN MNMOUANNWMODUVUANWWMODWLANWOWLANWNWMODLVLANWMODLANWMODWLUNWMDOD ONOWOOLAN®
OO0 -1 -1 NO A 100 -1 -1 00 A -1 0011001100 "1 -100 1100 -d-100 -

28/03 29/03 30/03 31/03 01/04 02/04 03/04 04/04 05/04 06/04

Date and time

Figure 6. Water temperature in the heat storage tank and the heating buffer tank between 28 March
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The experiment results confirmed that the ISHP could operate smoothly and auto-
matically switch its operation mode between the ice and normal operation mode to make
full use of both sensible heat and latent heat stored in the water tank. The operation of the
ISHP was very reliable.

4. Discussion

The ISHP solar heating system was developed and tested in this project. The advantages
of the design are reducing the size of the water heat storage tank and utilizing a low-
temperature heat source during cloudy days. These have been verified in the experiment.

The research in this experiment found that ISHP could be combined with low-temperature
ambient air heat collector to utilize the heat from the low-temperature ambient air when
solar irradiation was not available. This is particularly useful in Danish winter when most
days are without sunshine, but the air temperature is higher than 0 °C. Since the heat
storage used for the ISHP is mainly the latent heat during the phase change of water, the
low-temperature heat from ambient air can be collected by melting ice whenever it is higher
than 0 °C. By observing the Danish winter climate data in Figures 5 and 7, it was found
that most of the winter days were cloudy but warm at night, i.e., air temperatures higher
than 0 °C, and many sunny days were cold at night. Due to this particular feature of the
Danish winter climate, the ISHP can always collect heat from either solar irradiation or
ambient air on most days in the winter season. Only in the case of several consecutive cold
and cloudy days may ISHP stop operation due to lack of heat collection; however, these
days are usually very few in most years (e.g., several hours in 6 days in 2020) in the Danish
winter season. This makes ISHP technology particularly suitable to be used as the Danish
heating technology. In the case of frigid days without sunshine, the heat storage in the
tank may not be sufficient to provide continuous space heating for several days, which is a
common problem of solar heating systems. In such a case, electric heating may be required.
This should be on minimal days a year in Denmark.

In the ISHP solar heating system, water is used as a phase change material for heat
storage. Compared to the solar-assisted heat pump heating system using PCM for heat
storage, the ISHP technology has relatively lower COP since PCMs used for heat storage
have high phase change temperature; however, the phase change temperatures for most
of the PCMs are higher than 25 °C [11], which are not suitable to be used in the Danish
winter when the solar collector could not provide heat with a temperature high than their
phase-change temperatures, e.g., during the cloudy weather. Even if the solar collector
could provide heat with the high temperature required for the PCMs, its collector efficiency
would be much lower compared to that when the collector provides heat at close to 0 °C
since the efficiency of a solar collector decreases greatly with increasing the temperature
of the heat output [12]. Using water as the PCM requires the temperature of the heat to
be slightly over 0 °C, which increases the solar heat collection by a large amount, and is
the most important feature in guaranteeing continuous heating supply. Other advantages
include the fact that water is cheaper, environmentally friendly, and stable.

The ambient air heat collector was simulated in this study by an electric heater to
verify its effectiveness. A more realistic experiment using a real fan-coil air to water heat
exchanger may be used to collect the heat from ambient air to demonstrate this design
further. The main risk of using a fan-coil air-water heat exchanger to collect heat from
ambient air could be the freezing of water inside the coil of the air heat collector. Adding
an anti-freezing agent to the water of the coil and isolating the water of the coil from the
water in the heat storage tank could solve the freezing problem as it was used by the solar
collector; however, this will increase the usable temperature of the ambient air. A reliable
air temperature control must be applied to cut off the airflow to the heat collector before
the ambient air temperature goes down to 0 °C. Since the heat collector of ambient air
only operates when the ambient air temperature is higher than 0 °C, there will be no ice
formed outside the coil of the heat exchanger to block the air passage of the heat exchanger;
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therefore, no coil freeze problem for such a heat pump when it operates in air source heating
mode. The operation of the heat pump should be very smooth.

An ice sensor was installed just above the filter to prevent ice block the filter at the
water intake of the heat pump inside the heat storage tank. When the ice reaches the filter,
the heat pump will be switched off. The experiment found that due to the irregular shape
of the ice layer and very fine ice crystal in the ice slurry, when the ice sensor on top of
the filter was triggered, there was still a lot of water inside the heat storage tank. The ice
packing factor of the tank was about 50% that leaving 50% of the latent heat from the water
not used. This very much reduced the effective volume of the tank; therefore, the design of
the tank must be optimized to increase the ice packing factor. One possible solution could
be to separate the ice from the water by a perforated plate installed above the filter of the
water intake of the heat pump to allow water to flow down but keep the ice above it. So far,
this is an important technique to be developed to apply ISHP [13].

This small test system is a pathfinder of the ISHP technique that utilizes the phase
change of water freeze for heat storage and space heating. The operation of the ISHP tested
was very smooth without any special requirements except for a 1 pm class water filter
is needed to remove particles in the water. It works even with seawater, which makes it
possible to be used as a seawater heat pump that operates at the freezing point to extract
phase change heat of seawater (results of the study will be published elsewhere).

Without any technical barrier, the ISHP technology can be used directly in much larger
scale applications, e.g., the cross-seasonal pit thermal energy storage (PTES) system [14-17].
The world’s largest PTES system has a 200,000 m3 water pit for solar heat storage [17],
which requires a huge investment for pit construction. It is estimated from this study that
using the ISHP technology can reduce the volume of the water pit by at least 30%, which
will lead to considerable savings for the investment of such a heat plant.

By numerical simulation, Wang et al. [18] and Wang et al. [19] analyzed the economic
performance of heating systems using ISHP in variers climate zones in China. The results
showed that the payback time was from 2.3 to 5.1 years. The calculation by Wang et al. [19]
also showed that the COP of the ISHP using R134a as a refrigerant was about 3.1 at the
condensing temperature of 45 °C, which agreed very well with the experimental results of
COP = 3.0 obtained from this study. It is worth noting that this is the lowest COP to operate
the ISHP to provide hot water at 40 °C. Considering the heat pump used in this experiment
was a 4.6 kW small one, the COP of a large heat pump could be much higher. For the PTES
heating system, the additional cost of using the ISHP compared to the same design using
a regular water source heat pump is only the cost of an ice diffusion interrupter and an
ice crystal promoter. The cost of these two components is nearly negligible compared to
the main cost of the whole system; therefore, both the energy and cost-effectiveness of the
ISHP heating technology is attractive in practice.

5. Conclusions

e  This pathfinder study proved that the ISHP is a very stable and ready-to-be-used
technology that could effectively extend 50% heat storage capacity without increasing
the storage volume. It also makes it possible to harvest heat at low solar irradiation
with high efficiency of solar collection.

e  The ice source heat pump solar heating system developed in this project was very
successful. The test in real Danish winter confirmed the designed function of the
operation. Combined with a radiant heating system with 40 °C of hot water supply,
the minimum COP of the heat pump was 3, and the annual average COP could be
much higher.

e  Further studies on the application of ISHP for higher temperature heating supply, e.g.,
hot water supply at 60 to 80 °C, and in a much larger scale of heating supply, e.g., MW
scale heat plant, are suggested.

e  Economic analysis of the construction and operation of the solar-assisted ISHP space
heating system should be studied further to evaluate its commercial feasibility.
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e  Except for the application in solar-assisted heat pump space heating systems, the
ISHP has the potential to be applied in cross-seasonal energy storage for heating and
cooling, seawater heat pumps, etc. More studies on these applications remain to be
investigated further.
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