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The performance of air source heat pump systems is limited in
extreme climate conditions, especially in heating mode, which may
face defrosting problems, resulting in energy waste and reduced
system efficiency. In order to improve this problem, this article uses
5% expanded graphite/paraffin composite phase change material to
preheat the heat accumulator while heating the room, and evaluates
the heating and defrosting performance of the air source heat pump
based on composite phase change materials. Experimental results
show that after using the regenerator, the defrost evaporation period
in the defrost cycle is reduced by 42.2%, the resume heating period
is reduced by 38.7%, the compressor power consumption is reduced
by 42.1% compared with the original system, and the average outlet
temperature of indoor unit increased by 8.1 ° C, and the indoor
temperature fluctuation is reduced. This research is of great
significance to the performance optimization of air source heat
pumps under frost-prone conditions.
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1. Introduction
Air-source heat pumps, which use the virtually limitless air as a heat source and sink, have

attracted widespread attention!!-!

. However, the frost formation that occurs under low-
temperature, high-humidity conditions significantly limits the performance of air-source heat
pumps>#. In winter, when the outdoor air temperature falls below the dew point and relative
humidity is high, the frosting on the evaporator of the air-source heat pump intensifies!®.
Commercial air source heat pumps typically operate down to outside temperatures of
approximately -25 degrees Celsius. Within this operational range, frost formation not only
increases thermal resistance but also increases airside resistance. This significantly reduces heat
exchange efficiency, decreases overall system performance, and can even lead to system
shutdown.[5) .

In the optimization of air-source heat pump systems, exploring anti-frost measures is of great
significance. Some researchers have started by modifying the air parameters at the outdoor coil

inlet, such as relative humidity and air temperature. Su et al. [' proposed a new frost-free air-
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source heat pump that combines liquid desiccant dehumidification and compression-assisted
regeneration, and introduced a novel compression-assisted regeneration method to recover the
regeneration heat. Under the same operating conditions, the COP of the mixed frost-free system
is at least 36.05-61.19% higher than that of a traditional reverse-cycle defrosting heat pump.
Other scholars have focused on improving the outdoor air inlet temperature to enhance air-

source heat pump performance. Kwak et al. ['!}

added electric heating equipment at the outdoor
unit's air inlet to raise the temperature of the air entering the unit, thereby delaying frosting.

Experimental results showed that within typical frost-forming temperature ranges
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C), the heating capacity and COP of the system were significantly improved compared to
conventional heat pumps, with reduced power consumption. Additionally, some studies have
proposed applying coating treatments to outdoor coil fins to suppress frosting. Li et
al.l?lapplied superhydrophobic fin-tube heat exchangers in vapor compression heat pumps.
Across multiple test conditions, compared to commercial units, the superhydrophobic fin-tube
unit achieved a significant reduction in total frost mass (in the range of approximately 59% to
76%) and a concurrent increase in COP (ranging approximately from 11% to 32%). The
effectiveness of frost suppression measures through modifying the air parameters at the outdoor
coil inlet or hydrophobic treatments on the fins is evident, but due to cost concerns and
operational complexity, increasing numbers of researchers have begun focusing on defrosting
technologies. Reverse-cycle defrosting remains the most widely used method. However,
reverse-cycle defrosting operations involve numerous transient changes in refrigerant,
In addition to traditional reverse-cycle defrosting, numerous researchers have proposed novel
methods for efficient defrosting of air-source heat pumps. Lyuh# proposed a defrosting method
based on modification and airflow for fin-tube heat exchangers, simulating frosting scenarios.
The results showed that this method improved the heat transfer capacity of the heat exchanger
by 43.4%. Li 'l proposed a double evaporator air-source heat pump enhanced with injectors
temperatures. Other researchers have focused on determining the defrosting start conditions.
Chung ¥ presented a novel measurement method with frost accumulation amount tracking.
This method can monitor the newly - deposited frost amount in real - time, uses the evaporator's
volume blockage ratio as the threshold to initiate the defrosting cycle, and has verified the
predictive accuracy of the method under different operating conditions. Wang!'> proposed a



for defrosting, where the two evaporators alternate during the defrosting process without
interrupting heating. The average COP of this system was improved by 20.72% compared to
the traditional system. Recently, research on heat storage defrosting has also gained increasing
attention. Zhang!'”! proposed a method that utilizes waste heat from the compressor shell stored
in the heat storage unit for efficient defrosting. Compared to traditional reverse-cycle defrosting,
this method reduced defrosting time by 65% and total energy consumption by 27.9%. Qu [2%
proposed a heat storage-based cascade air-source heat pump defrosting method, which was
compared with conventional hot-gas bypass defrosting. The results showed that the heat storage
defrosting method significantly reduced defrosting time and energy consumption, and
improved indoor stability. In recent years, increasing numbers of researchers have focused on
the defrosting issue of air-source heat pumps. Thanks to the high energy density and narrow
temperature fluctuation range of phase change materials'?!l, they have incomparable advantages
in energy storage heating'??!, enhanced heating'®*!, and defrosting!?*l. While existing research on
ASHP-thermal storage integration focuses on load shifting or defrosting energy supply, a gap
exists in strategies enabling concurrent thermal storage preheating and uninterrupted room
heating, especially under frosting-prone conditions. Furthermore, comprehensive data on the
combined heat storage/release performance and defrosting dynamics of such systems under
frosting is scarce.To address these gaps, this study proposes a novel preheating mode within the
thermal storage heating mode, using a specific valve configuration (opening the thermal storage
inlet valve while closing the outlet valve) for simultaneous storage preheating and room heating.
We also systematically evaluate the system's heat storage/release capabilities and defrosting
behavior under frosting-prone conditions.
Following the introduction of the experimental setup and working conditions, the paper
analyzes the impact of the integrated thermal storage technology and preheating strategy on
ASHP system heating performance and defrosting efficiency. Conclusions provide insights for
optimizing ASHP-thermal storage systems in challenging frosting environments.
2. Experimental Methods

2.1 Experimental system
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Figure 1. System schematic diagram Figure 2. System Structural design of heat

accumulator
To better analyze the application of phase-change heat storage coupling in enhancing

heating and defrosting for air-source heat pumps (ASHP), a test bench was constructed (as
shown in Figure 1), which includes an outdoor environment simulator, an indoor environment
simulator, and the ASHP system. The ASHP system consists of a compressor, heat storage unit,
outdoor heat exchanger, indoor heat exchanger, four-way reversing valve, solenoid valve, gas-



liquid separator, and electronic expansion valve. Using R410a refrigerant, under test conditions
of an evaporation temperature of 7.2°C and a condensation temperature of 54.4°C, the system
operated for 24 hours with a rated heating capacity of 12.4 kW and a Rated electrical power
input is 4.03 kW.

Figure 2 shows the structural design of the heat storage unit, with specific parameters listed
in Table 1. In the figure, the yellow area represents the fin region, while the blank space between
the shell and copper tubes is the phase change material (PCM) filling area. The refrigerant flows
through a main inlet pipe and then splits into seven branches, releasing heat to the PCM while
minimizing pressure drop. The outer shell is covered with a 20 mm layer of high-density rubber
and plastic insulation.

Table 1. Structural design table for heat accumulator

component Structural parameters
shell 590*310*80mm
tube $7*0.5mm
Pipe spacing (longitudinal) 72.76mm
Pipe spacing (transverse) 18.19mm
Fin Size 290*0.2*72.76mm

Table 2 shows the basic parameters of the environmental simulation room, and Table 3
shows the compressor specifications and performance parameters of the heat pump system.

Table 2. Environmental Simulation Range and Accuracy
parameters

Range and Accuracy
-20~50 °C, =0.1°C
15~95%, =+0.1°C
-40~60 °C, +0.1 °C
15~95%, =+0.1°C

Dry bulb temperature on the indoor side
Relative humidity on the indoor side
Outdoor Dry Bulb Temperature
Outdoor relative humidity

Cooling capacity test range 2.0~15 kW
Heating capacity test range 2.0~16 kW
Measuring range of air volume 4~40 m3/min
Table 3. Compressor Specifications
specification parameters
type Piston compressors
compressor Number of cylinders 2
exhaust volume cm3 39.2
cooling capacity W 12430+5%
performances Input power W 40305%
Operating current A 14.8
COP W/W 3.08

In this study, a 5% EG/PA composite phase change material was prepared using the melt

blending method. The paraffin-based matrix used is PCM-A-46, with a phase change

temperature of 46°C and a latent heat of fusion of 220 kJ/kg. The expanded graphite (EG) has

a purity of 99%, a particle size of 75 1 m, and an expansion ratio of 200 times. Table 4



provides the physical properties of the composite phase change material.
Table 4. Physical parameters of 5% EG/PA composite phase change materials

Items Value Units
phase transition temperature 46 °C

densities 760 kg/m?
specific heat capacity 21 kJ/(kg-K)
Liquid thermal conductivity 0.2 W/(m-K)
Solid State Thermal 0.16 W/(m-K)

Conductivity
latent heat of phase transition 212.41 kJ/kg

2.2 Experimental procedures and conditions

In this study, the heating modes of the heat storage system are illustrated in Figures 3 (a)
and 3(b), showing the preheating heating mode and the heat storage heating mode, respectively.
During the initial operation of the heat pump, indoor heating performance must be prioritized
while avoiding excessive power consumption and high compressor speed at startup, thus
requiring solenoid valve F2 to remain closed. To prevent an excessively low initial temperature
within the heat storage unit, solenoid valve F1 should be opened, allowing a small amount of
refrigerant to enter the heat storage unit for preheating. When the average temperature of all
sensors in the indoor unit exceeds 30°C, the system switches from preheating mode to heat
storage heating mode. The system exits the heat storage mode when the average temperature of
all temperature sensors in the heat storage unit reaches or exceeds 50°C during operation. The
conventional heating mode involves the compressor discharging refrigerant solely to the indoor
unit.

In this study, the defrosting modes of the system are shown in Figures 4(a) and 4(b), which
include the conventional defrosting mode and the heat storage defrosting mode. As the frost
layer continues to build up, the heat absorption capacity of the evaporator gradually decreases.
The system determines whether to enter the defrosting cycle by monitoring the superheat of the
refrigerant at the evaporator outlet, with a threshold of 7K. Before entering the defrosting mode,
the compressor is first shut down, and after the four-way valve is reversed, the compressor is
restarted 30 seconds later. The defrosting mode stops when the temperature of the evaporator
outlet pipe reaches the preset value of 22°C.

After the defrost mode ends, the unit's heating capacity becomes insufficient due to the
low outdoor coil temperature. Therefore, it is necessary to switch off the indoor fan at this stage
and allow the air source heat pump to continue running in heating mode for a period of time,
enabling the evaporator temperature to rise and restore normal heating capacity. After the
evaporator temperature rises, the indoor fan is turned on again to resume heating. Hence, this
energy loss is also considered part of the defrosting loss.
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Figure 4. Thermal storage defrost mode vs. traditional defrost mode

In Figures 3 and 4, the parts are named as follows.1-compressor; 2-oil separator; 3-check
valve; 4-four-way reversing valve; 5-outdoor heat exchanger; 6-EEVH; 7-service valve; 8-gas-
liquid separator; 9-heat accumulator; 10-indoor heat exchanger
2.3. Data reductions and uncertainty analysis
In this study, the system heating and defrosting performance parameters were evaluated as

follows.
The heating capacity of the system and COP is evaluated as®:
Qn = Cama(Ta,out - Ta,in) (D
h
Qndt
cop = o s 2
J, Pdt

where c, represents the specific heat of air, klJ/(kg-K); m, represents the mass flow rate of air,
kg/s; Ta in, ~ Ta, oue represent the inlet and outlet temperatures of the indoor unit respectively.
The energy released by the heat accumulator during defrost is evaluated as:

Qsto = Csm(tsto,int - tp) + clm(tp - tsto,end) +mr 3)



where cs and ¢ represent the specific heat of the solid and liquid state of the material, kJ/(kg-K);
m represents the mass of the material, Kg; tso, int~  tsto, end T€present the temperature of the
material at the beginning and end of defrosting respectively. Temperature, t, represents the
phase change temperature of the material, °C; r represents the latent heat of phase change of the
material, kJ/kg.

The energy released from indoor air during defrost is evaluated as:

Qr = cgmy (ta,int - ta,end) (4)

where ta int~ ta, end TESpectively represent the indoor air temperature at the beginning and end of

defrosting.
The total energy consumption during defrost is evaluated as:
Qtotat = Qmeit+eva T Qcom (5)
Qmelt+eva = PaVqa (Wa,intt - Wa,end)(Lm + Le) (6)
,re
Qcom = f . Pdt )
t,int

where Qcom represents the power consumption of the compressor from the beginning of defrost
to the end of the heating resume stage; Qmeitreva represents the energy required during defrost
and evaporation; Waini, Waend represent the air volume at the beginning and end of defrost
moisture content, g/g; Ly, and L. represent the latent heat of melting and evaporation of water,
kJ/kg.

Table 5 shows the table of sensor specifications and accuracy in the experiment. The uncertainty
of the experimental data was calculated based on the error propagation equation evaluation as
shown in Table 6126,

Table 5. Sensor specifications and accuracy

measurement Type Range ability Accuracy
parameter
Temperature Pt100 —50°C~ 400°C +0.1°C
Humidity HIH-4602 0~100%RH +3.5%
Power LT-101A 5~600V/0.002~20A 10.1%
Pressure HM200 1-10000000 (Pa) +0.25%

Table 6. Uncertainty of experimental data.

No. Parameters Uncertainty
1 System heating capacity +2.5%
2 COP +2.8%
3 energy released from the heat +1.5%
accumulator
4 energy released from indoor air +1.9%
5 Energy from the compressor during +2.2%
resume heating period
6 Energy from defrost and evaporation +3.3%

3. Results and discussions
3.1. Impact of thermal storage on system heating performance



This section will discuss the impact
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F2 is opened, the compressor speed increases, and the refrigerant circulation is enhanced,
transitioning the heat storage unit into the rapid heat storage mode. During this phase, a high
heating rate is maintained until the phase change point of 46°C is reached. After 2250 seconds,
the average temperature of the three measurement points in the heat storage unit reaches 50°C,
at which point the system exits the heat storage heating mode. Subsequently, due to the thermal
inertia of the remaining refrigerant in the pipes and phase change material, the overall average
temperature of the material rises to 51.5°C. To verify the insulation performance of the heat
storage unit, the system was shut down after completing the heating, and the natural cooling
process of the heat storage unit was recorded before 3975 seconds. It can be seen that the heat
storage unit exhibits significant insulation performance, with the material temperature
remaining in the range of 49+0.5°C.
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The suction pressure briefly rises before Time(s)
gradually decreasing and stabilizing at
0.53 MPa. After 1766 s, the system
experiences increased frosting, causing a decline in discharge pressure, and the defrosting cycle
begins at 2700 s. In the heat storage mode, part of the refrigerant is diverted to the heat storage
unit, which increases the total condensate, resulting in both suction and discharge pressures
being significantly lower than in the traditional mode, with continuous pressure increase. At
880 s, when the system reaches heat storage conditions, the solenoid valve F2 opens, initiating

the rapid heat storage phase, and the discharge pressure drops sharply from 2.42 MPa to 2.1

Figure 6 .Suction and discharge pressure of compressor



MPa. The rapid heat storage phase continues until 2250 s, when valves F1 and F2 close, and
the compressor operates at low frequency. As frosting increases, the refrigerant circulation
decreases, causing the discharge pressure to drop, and the system enters the defrosting mode at
2750 s. Overall, during the heat storage phase, the average discharge pressure decreases by
7.3%, and the average suction pressure decreases by 5.1%. Furthermore, due to more effective
defrosting in the previous cycle, the frosting time is delayed by 484 s, and the defrosting cycle
is postponed by 50 s.

Figure 7 presents the variations in _ 5
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however, due to partial refrigerant Figure 7. Heating capacity and COP of system
diversion to the heat storage unit, the

heating capacity is slightly lower. At 880 s, when solenoid valve F2 is activated, the heating
capacity drops to 13267 W before recovering and stabilizing at 14410 W, with the COP
stabilizing at 2.54. After 2250 s, the heat storage unit disconnects, and the heating capacity
decreases due to frost formation, with defrosting commencing at 2750 s. Overall, during the
heat storage phase, the heating capacity in the heat storage mode is 7.1% lower than that of the
traditional mode. However, improved defrosting in the prior cycle delays frost formation,
leading to a 1.4% increase in average heating capacity. Nevertheless, as the heat stored in the
heat storage unit is solely utilized for defrosting and does not directly contribute to indoor
heating, the average COP of the heat storage mode is 5.6% lower than that of the traditional
mode.

3.2. Impact of thermal storage on system defrost performance
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from 49.8°C to 38.9°C. After 237s the system starts to enter the pre-heating mode, a small
amount of refrigerant starts to flow into the accumulator, which enters the preheating mode and
the temperature starts to recover slowly. As heat has a lag, the overall temperature drops to
38.5°C before it starts to rise.
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During the defrost evaporation stage, the discharge pressure rises rapidly, reaching its peak after
a brief plateau, while the suction pressure drops to its minimum and then stabilizes. In the heat
storage defrosting mode, the discharge pressure peaks at 1.6 MPa, with the suction pressure
stabilizing at 0.4 MPa. In contrast, the traditional mode reaches a discharge pressure peak of
1.5 MPa, with the suction pressure stabilizing at 0.32 MPa. The higher temperature of the phase
change material in the heat storage unit provides a superior heat source compared to indoor air,
resulting in an 18.4% increase in average discharge pressure, a 54.4% increase in average
suction pressure, and a 42.2% reduction in defrost evaporation time. After defrosting, the
suction and discharge pressures return to atmospheric levels, and the compressor restarts for
reheating. During the reheating phase, both modes exhibit similar pressure trends, with the
discharge pressure rising to 1.84 MPa, indicating system recovery and readiness for heating.
The heat storage defrosting mode achieves reheating in 57 seconds, reducing the recovery time
by 38.7% compared to the traditional mode.
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down, and the four-way valve reverses. During the reheating phase, the compressor restarts.
Due to the efficiency of the heat storage defrosting mode, the reheating time is reduced to 57 s,
compared to 93 s for the traditional mode. Overall, the heat storage defrosting system reduces
compressor energy consumption by 480 kJ (42.1%), as shown in Figure 11.
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Figure 12 illustrates the variations in indoor unit outlet air temperature for the traditional
and heat storage defrosting modes. During the pre-defrost phase, with the compressor off, the
temperatures in both modes decline gradually due to natural heat dissipation from the fan coil,
showing similar trends. After 30 seconds, the compressor starts. In the heat storage mode, no
r
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4. Conclusions

e To combine thermal storage technology with air source heat pumps more efficiently, this
study uses 5% EG/PA as thermal storage material to study the heating and defrosting
performance of air source heat pump systems based on composite phase change materials. The
operating characteristics of the system in heating and defrosting modes were analyzed in detail
and the following conclusions were obtained:

During the heat storage period of the heat accumulator, the average suction and discharge
pressure and heating capacity of the system decreased by 5.1%, 7.3%, and 7.1%
respectively. However, from the perspective of the entire heating cycle, more efficient
defrosting enables the new system to have a longer heating cycle, in which the frost
aggravation time is delayed by 484s and the time to enter the defrost cycle is delayed by
50s, so the overall average heating capacity is increased by 1.4 %, but COP still fell by
5.6%.

The compressor suction and discharge pressures in the thermal storage defrost cycle are
increased by 54.4% and 18.4%, respectively, compared with the traditional defrost mode.
At the same time, the defrost time is shortened, specifically, the defrost evaporation period
is reduced by 42.2%, and the heating resume period is reduced by 38.7%, and the power

consumption of the compressor is reduced by 480 kJ, which is 42.1% lower than the
traditional defrost system.
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B. Compared with the traditional defrosting system, the temperature fluctuation at the outlet
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In summary, the main value proposition of a thermal storage system is the ability to
maintain a stable outlet temperature during defrost, thereby significantly improving indoor
temperature fluctuations and addressing the major drawbacks of conventional systems.
However, these benefits come at the cost of lowering the overall system COP as well as
increasing system complexity, space requirements, and initial investment. Future efforts should
focus on optimizing PCM selection, TES equipment design, and system controls to minimize
efficiency losses and cost impacts.
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Nomenclature

C — Specific heat capacity, [J kg K™']  tgo, int — Temperature of the material at
the beginning of defrost, [°C]

K — Thermal conductivity, [W m ' K™'] pa. — Density of air, [kg/m?3]

Re — Reynolds number, [-] ta, int —Indoor air temperature at the
(Equation: Re =UD /v) beginning of defrost, [°C]

Ca — Specific heat of air, [kJ/(kg-K)] ta, end — Indoor air temperature at the

end of defrost, [°C]

Cs — Specific heat of the solid state of W, — air moisture content,[g/g]
the material, [kJ/(kg-K)]

Ci — Specific heat of the liquid state of Greek Symbols
the material, [kJ/(kg-K)]

Le — Latent heat of evaporation of a — Thermal diffusivity, [m? s™']
water, [kJ/kg]

Lm — Latent heat of melting of water, —Thermal expansion
[kd/kg] coefficient, [K™']

m, — Mass flow rate of air, [kg/s] u — Dynamic viscosity, [Pa-s]

Qsto — Energy released by the heat p — Density, [kg m™]
accumulator during defrost, [kJ]

Qr — Energy released from indoor air o — Stefan-Boltzmann constant,
during defrost, [kJ] [Wm?2K™]

T — Temperature, [K] Acronym

Ta, in — Inlet temperature of indoor air, COP — Coefficient of Performance
[°C]

Ta, out — Outlet temperature of indoor air,
[°C]
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