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Abstract: To mitigate stress imposed on power grids by air source heat pumps
(ASHP) during peak electricity demand periods, a time-phase operated heat
pump heating system integrated with phase change heat storage was proposed
and developed. A control strategy coupling the phase change temperature of
the heat storage module (T,) with indoor temperature (T;) was implemented
using a PLC-based control module. System performance, under heat storage,
heat release, and heating-only modes was experimentally evaluated across
multiple operating condition. Continuous dynamic experiments over several
days were conducted to determine temperature thresholds of the heat storage
module and analyze system dynamic behavior, energy efficiency, and
temperature stability. Results demonstrate that the proposed system provides
stable and continuous heating, maintaining indoor temperatures within 18.0—
20.0 °C. The heat storage module showed stable heat storage and release
performance within 40.0—44.0 °C. The actual operating temperature threshold
was lower than the material phase change temperature due to thermal
resistance. During peak electricity demand periods, household heating can be
achieved exclusively by the heat storage module, resulting in near-zero
electricity consumption. During mid-peak periods, the heat pump operates in
heating-only mode for approximately 35% of the total operating time. The
proposed system demonstrates strong robustness during 72 h of continuous
operation, improving heating stability by 40% during peak periods and
reducing the daily operating time of the heat pump by 25%. Economic analysis
indicates that the proposed system achieves a cost reduction of 19% compared
with conventional ASHP systems, highlighting its potential for practical
application.

Keywords: Phase change heat storage, Air source heat pump, Time-phase

operation, Peak shaving and valley filling, Economic analysis


mailto:taozhang@shiep.edu.cn)
mailto:huidef@szu.edu.cn

1. Introduction

With the growth of the global economy and the improvement in living standards, the imbalance
between energy supply and demand, particularly the shortage of electricity supply, has become
pronounced [1]. Industrial activities and building energy consumption drive up the electricity demand,
resulting in a significant peak-to-valley difference in grid load. Consequently, peak electricity prices are
considerably higher than valley prices [2]. Against this background, air source heat pumps (ASHP) have
been widely adopted in the building sector owing to their high energy efficiency [3]. However, the
operation of ASHPs often coincides with grid peak load periods, further aggravating grid stress and
increasing electricity costs during peak hours. Such load shifting is urgently required to smooth load
curves, mitigate temporal and spatial mismatches between energy supply and demand, reduce overall
system operating costs, and enhance the security and economic performance of power grid operation [4-
7]. Developing efficient energy storage technologies is essential to shift the electricity consumption of
ASHPs and other electrical devices from high-price, high-load peak periods to low-price, low-load
valley periods.

To meet the demands for load regulation and efficiency improvement of ASHP systems,
conventional solutions, such as sensible heat storage tanks, have demonstrated limited effectiveness.
However, these systems inherently suffer from low energy storage density, large system volume, and
pronounced temperature decay during heat release, which restrict their ability to satisfy modern building
heating requirements for high efficiency, compact system design, and precise temperature control.
Consequently, the development and application of advanced energy storage technologies with higher
energy density and less temperature variations have become a critical pathway for optimizing ASHPs'
operating mode and enabling large-scale power load shifting.

Phase change materials (PCMs) exhibit significant technological advantages in heat storage and
release processes because of their unique thermodynamic properties [8]. Within the phase change
temperature range [9], PCMs can absorb and release large amounts of latent heat efficiently while
maintaining a relatively stable operating temperature. As an important heat storage technology, phase
change heat storage can effectively alleviate spatiotemporal mismatches between energy supply and
demand, thereby improving overall energy utilization efficiency [10-13]. This characteristic creates a
strong synergistic potential with ASHP systems. Liu et al. [14] proposed an ASHP air-conditioning
system integrated with a phase change heat storage device for waste heat recovery, and experimental
results confirmed the stable supply of domestic hot water. Agyenim et al. [15] demonstrated that
integrating a phase change energy storage module into the condenser side of an ASHP system can
effectively regulate grid load distribution. After optimization of heat transfer performance, the overall
volume of the phase change module was reduced by more than 30%. Kelly et al. [16] employed
numerical simulations to compare the energy consumption of an ASHP heating system equipped with a
phase change energy storage module and a system using conventional thermal storage tanks, revealing
that the phase change system requires substantially less installation space for an equivalent amount of
stored heat. Mazo et al. [17] developed a phase change material-based radiant heating terminal and
integrated it with an ASHP system. By adopting a strategy of heat storage during off-peak periods and
heat release during peak periods, experimental validation showed that the system could satisfy
continuous heating demands while significantly reducing the grid peak-to-valley load difference,
achieving an energy efficiency improvement of approximately 18% compared with a conventional
ASHP system. Cabrol et al. [18] conducted TRNSYS-based simulations of an ASHP heating system



integrated with phase change radiant terminals, demonstrating that such terminals effectively maintain
the indoor thermal stability. Han et al. [19] theoretically investigated the feasibility of a solar-assisted
ASHP heating system with phase change heat storage in Shenyang, indicating its capability to meet
heating load requirements throughout the entire heating season. Koan M et al. [20] presented an
experimental investigation of an innovative latent heat storage device for heat pump condenser systems,
in which a phase change material-based heat exchanger was developed to recover condenser waste heat
and tested within an ASHP system to enhance sustainability and operational efficiency.

Overall, the integration of phase change heat storage with ASHP systems enables peak shaving and
valley filling, thereby balancing grid loads and reducing electricity costs. Compared with conventional
sensible heat storage tanks, phase change heat storage modules offer higher energy storage density,
reduced system footprint, and more stable output temperatures. Furthermore, by storing thermal energy
during off-peak nighttime periods and releasing it during daytime peak periods, the heat pump can avoid
operation under conditions of elevated electricity demand and prices [21-22]. Nevertheless, existing
studies have predominantly focused on phase change energy storage devices or theoretical analyses,
whereas experimental investigations based on real-world application scenarios, particularly those
addressing continuous multi-day operation, remain limited. In this study, an integrated ASHP system
incorporating phase change heat storage and operating under a time-phased strategy is proposed and
constructed to optimize coordination with time-of-use electricity pricing. A PLC-based physical control
module is developed to switch operating modes based on the temperature of the phase change storage
unit, along with indoor and outdoor environmental parameters. An experimental test platform reflecting
practical application conditions is established to conduct multi-mode operation experiments. The
dynamic characteristics, energy efficiency, and temperature stability of the system under heat storage,
heat release, and heating-only modes are systematically analyzed, and the annual economic performance
is quantified based on actual operational data.

2. Experimental system design and setup
2.1 Introduction to the phase-change heat storage heat pump heating system

Fig.1 illustrated the schematic diagram of the heat pump heating system integrated with phase
change heat storage. By incorporating phase change heat storage technology, the proposed system could
operate based on time-of-use electricity price and achieve peak shaving and valley filling, thereby
enhancing its economic performance. It was mainly composed of three subsystems: the heat pump
subsystem, the phase change heat storage subsystem, and the heating subsystem. Two primary circuits
were incorporated, namely the refrigerant circuit and the circulating water circuit. Through coordinated
control of these circuits, the system could be flexibly switched among three operating modes, including
heat storage, heat release, and heating-only, in accordance with the heating demand.

The operating principle of the three distinct modes is described below:

1. Heat Storage Mode: In this mode, the refrigerant circuit and the circulating water circuit operated
simultaneously. The circulating water absorbed heat from the condenser and was driven by Water Pump
1, after which it is divided into two parallel branches. One flowed into the phase change heat storage
module, where surplus thermal energy was stored. The other flowed into the indoor fan-coil unit and
delivered heat for space heating. The two water branches subsequently merged and returned to the

condenser, forming a closed-loop circulation.



Outdoor Indoor

Water Pump 2

Solenoid
Valve 3

Solenoid
Valve 4

Solenoid
Valve 1

Compressor

Solenoid
Valve 2

Electric Control

Valve 2
) Fan
Evaporator Condenser Phase Change

Heat Storage
Unit

Expansion Valve

U |

Fig.1 Schematic diagram of the heat pump heating system integrated with phase change heat storage

2. Heat Release Mode: During the heat release mode, the heat pump subsystem was shut down, and
only the phase change heat storage module was used to provide the heating load. The heated water was
first delivered by Water Pump 2 to the indoor fan-coil unit to meet space-heating demand. Then, the
cooled water was driven to the phase change heat storage module for reheating, establishing a closed
water circulation loop dedicated to the heat release process.

3. Heating-Only Mode: Under the heating-only mode, Water Pump 1 drove the circulating water
directly flowing through the indoor fan-coil unit for heat supplying. After that, the water returned to the
condenser without passing through the phase change heat storage module. This operating mode was
adopted to enable efficient and direct space heating when the phase change heat storage module was

fully charged or heat storage is not required.

2.2 Experimental setup and test points

In this study, a 15 m? room in the Nantong area was selected as the experimental test space. The
room (5 m x 3 m x 3.6 m) has overall heat transfer coefficients (U-values) of 0.57 W/(m?-K), roof/floor
U-value of 0.39 W/(m*-K), double-glazed window U-value of 2.35 W/(m*-K), and door U-value of
1.5 W/(m?-K), with a total design heat load of 1030 W at indoor 21 °C and outdoor 4.2 °C. As illustrated
in Fig.2(a), the heat pump subsystem consisted of an outdoor unit and an indoor unit. The core
components—compressor, evaporator, and expansion valve—were integrated into the outdoor unit and
were installed outside the test room. The condenser was integrated into the indoor unit and was installed
inside the room. Insulated copper refrigerant pipes connected the two units, with R134a serving as the
working refrigerant. The condenser used a fluorine-water heat exchanger, with R134a circulating
through the tubes and water circulating through the shell side. The circulating water subsystem was
illustrated in Fig.2(b). It formed a closed hydraulic loop by connecting the condenser, the phase change
heat storage unit, the indoor fan-coil unit, two circulating water pumps, and an expansion tank using

PPR (polypropylene random copolymer) pipes.
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(b) Schematic diagram of the circulating water subsystem

Fig.2 Physical diagram of the phase change heat storage heat pump experimental system

In this study, the phase change heat storage module adopted a rectangular enclosure equipped with
a finned tube heat exchanger. As shown in Fig. 3, the heat exchanger consists of cross-arranged copper
tubes (outer diameter 9.52 mm, wall thickness 0.35 mm, tube pitch 25 mm) wrapped with 0.1 mm thick
hydrophilic aluminum fins at a fin pitch of 5 mm. This finned tube design significantly enhances heat
transfer during charging and discharging. Paraffin wax was used as the phase change material (PCM),
with a phase transition temperature of 45.0 °C. The storage capacity of the module was designed based
on the heating load inside the building, providing sufficient thermal energy to sustain a 5 h heating
period. The design heat load of the test room is calculated as 1030 W. Therefore, the required storage
capacity is 5.15 kWh. This design capacity is used as the reference for the economic analysis. Based on
the calculated thermal demand, the required mass of PCM was approximately 80 kg, corresponding to a
storage volume of about 107 L. To incorporate an appropriate design margin, a custom-built phase
change heat storage module with a nominal volume of 130-L (model HM-130L-00) was adopted.

Fig.3 Internal structure of the phase change heat storage module
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To evaluate the system performance, the measured parameters primarily included temperature,
pressure, and flow rate. All measurement data were transmitted to the data acquisition and control system
and were monitored in real time using a computer.

Table 1 Specification and accuracy of measurement devices

Sensor Type Product Model Measurement Range Accuracy

T-type Thermocouple -50~200 °C <+0.5%

Temperature Sensor Temperature 0~100 °C
, <£0.5%

Transmitter

Pressure Sensor Huba 501.932003141 0~2.5 MPa <+0.5%
Turbine Flowmeter GTLWGY 0-2 m*h <+0.5%
Voltage Transducer 0-250 vV <£0.3%
Current Transducer 0-10 A <+0.3%

The layout of the temperature, pressure, and flow sensors were shown in Fig.1. The models and
accuracy of the instruments used were listed in Table 1.

The uncertainties are =0.5 °C for temperature, +0.5% for flow rate, and +0.3% for current/voltage.
Propagating these to the instantaneous COP gives a relative uncertainty of approximately +14% (for a
typical temperature difference of 5 °C). All data are averages of repeated tests; the error bars in Fig. 4
indicate the standard deviation (<0.2 °C).

3. Experimental Results and Analysis
3.1 Determination of the heat storage module temperature threshold

The control strategy of the heat pump heating system integrated with phase change heat storage
was closely associated with the phase change temperature of the PCM. However, in practical
applications, a temperature difference existed between the real-time switching temperature and the
intrinsic phase change temperature of the material. This deviation was mainly attributed to the internal
placement of temperature sensors within the storage module and the thermal resistance involved in the

heat transfer process.
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Fig.4 Temperature variations of the phase change heat storage module (The temperature range of the
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To assess the repeatability and stability of the phase change heat storage process, a series of
repeated heat storage-release experiments was conducted. As shown in Fig.4, the temperature evolution
of the phase change heat storage module exhibited a high degree of consistency over three repeated tests.
During the heat storage process, the module temperature increased rapidly from 21.0 °C to 42.0 °C in
the sensible heating stage. Upon reaching 42.0 °C, the system entered the latent heat phase change
plateau, where the temperature rise rate decreased significantly. Once the temperature reached
approximately 44.0 °C, it increased rapidly to above 50.0 °C. Conversely, during the heat release process,
the module temperature initially decreased rapidly from 48.0 °C to 44.0 °C, then gradually declined to
42.0 °C before dropping rapidly to 40.0 °C. The temperature curves from individual experiments closely
overlapped with the averaged curve, and a narrow error band was maintained throughout the entire
process, demonstrating excellent repeatability and operational stability of the phase change heat storage
module under different cycles. Fig.4 further indicated that temperature fluctuations in the range of 42.0-
44.0 °C were more pronounced during the heat release process than during the heat storage process. This
behavior arose because, during heat release, the indoor heating load was supplied entirely by the phase
change heat storage module, resulting in a substantially higher thermal output compared with that during
the heat storage period.

It should be noted that the temperature range of 40-44 °C mentioned below is not the intrinsic phase
change interval of the PCM. As shown in Fig. 4, the actual phase change plateau occurs at approximately
43.0 °C (where the temperature remains nearly constant during latent heat storage/release). The small
deviation between this observed plateau (43.0 °C) and the nominal phase change temperature of the
paraffin (45.0 °C) is mainly attributed to the following factors. The temperature sensor is installed at the
center of the module, about 50 mm from the nearest heat exchange tube; pre-tests showed a spatial
temperature variation of less than 0.8 °C across the module. The thermal resistance between the sensor
sheath (stainless steel, 0.5 mm thick) and the paraffin, together with the low thermal conductivity of
paraffin (=0.2 W/(m-K)), causes a steady-state temperature drop of approximately 0.6-1.0 °C. The T-type
thermocouple was calibrated with a system accuracy of+0.5 °C, and the repeatability (standard deviation)
from three repeated cycles (Fig. 4) is less than 0.2 °C, giving an expanded measurement uncertainty
(k=2) of £1 °C. Since the observed deviation (2 °C) exceeds this uncertainty, it cannot be explained by
measurement error alone; rather, it results from the combined effects of thermal resistance and the
intrinsic subcooling/superheating behavior of the paraffin. These factors do not affect the validity of the
defined control thresholds for system operation.

Based on the experimental results shown in Fig. 4, the values of 44.0 °C and 40.0 °C are artificially
defined as the fully charged threshold and the emptied threshold of the phase change heat storage module,
respectively. These two temperatures are used as the core control criteria for switching system modes.
It should be emphasized that this 40.0-44.0 °C range is a control parameter interval, not a measurement

of the PCM's phase change temperature range. The actual phase change plateau remains around 43.0 °C.

3.2 Analysis of Time-Phase Operation Characteristics
3.2.1 Off-Peak Period (22:00-8:00): Heat Storage Mode Operation Characteristics

Fig.5 records the time-series changes in the temperature of the phase change heat storage module
(7,), compressor power, suction pressure and discharge pressure during the heat storage process. It could

be seen that throughout the entire off-peak electricity period, the power fluctuated between 400 W and
800 W, providing a stable heat source for the system. The temperature increase of 7, could be divided
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into two distinct phases: the rapid rise phase from 22:00 to 2:00, during which 7, increased from 41.0 °C
to 43.0 °C, with the phase change material primarily absorbing heat in the form of sensible heat; the
slow rise phase after 2:00, during which 7, gradually increased from 43.0 °C to 43.3 °C, indicating that
the material mainly absorbed heat in the form of latent heat during this period.

Internal temperature of PCM module 1600 720
435 Compressor power
Suction pressure -
Discharge pressure ~ »
43.0 11200
T Ar—— L A CNTY
647 N WMM YUt A ) - ”WM | 12ﬁ
S | 5
-/ SR
: v 1/ {3005 | 2
g 3
EAZ.U - ‘ : 1s3
5 I & g
= | £
415 “
14
/ - 400
|
41.0 1\‘1"""“
V
40
40.5 1 1 1 1 1 0
21:00 23:00 01:00 03:00 05:00 07:00 09:00

Time (h)

Fig.5 Dynamic characteristics of key parameters during the heat storage process

Specifically, as shown in Fig.5, the compressor power suction pressure, and discharge pressure
exhibited high-frequency synchronized oscillations, caused by the electronic expansion valve
continuously adjusting superheat. Such strongly coupled oscillations did not indicate system instability;
instead, they reflected the high sensitivity and responsiveness of the control unit.

As shown in Fig.6, the indoor temperature (7;) remained stable within the preset range of 18.0—
20.0 °C. The control system effectively regulated indoor temperature by prioritizing space heating when
Ti fell below 18.0°C and shifting to heat storage when Ti exceeded 20.0°C, ensuring precise
temperature management.

From the overall system operation perspective, the instantaneous COP of the heat pump subsystem
exhibited a clear temporal correlation with the outdoor ambient temperature. From 22:00 and 06:00, as
the ambient temperature continued to drop, the system's COP correspondingly declined from 3.6 to
approximately 3.0; from 6:00 to 8:00, as the ambient temperature rose, the COP recovered to around 3.4.
Although the COP fluctuated with the ambient temperature, the changes were smooth and no abnormal
jumps were observed, indicating that the heat storage process itself did not negatively affect the system's

energy efficiency stability during the 10 hours of continuous operation.
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Fig.6 Variations of temperature and COP of the system in heat storage mode

The system successfully achieved coordinated operation of heat storage and heating during the off-
peak electricity period. Over the course of 10 hours, it completed the heat storage process of the phase
change material from 41.0 °C to 43.3 °C. The storage module did not reach the 44.0 °C full threshold
because the charging power was insufficient to raise the temperature from 41.0 °C to 44.0 °C within the
10-hour window, given the module’s design capacity (sized for a 5 h discharge period) and the limited
heat transfer rate of the PCM. In contrast, during mid-peak periods when the initial temperature is higher
and charging conditions are more favorable, the module can achieve 44.0 °C (as shown in Section 3.2.3).
The temperature evolution of 7, revealed that the storage device could not be fully charged during

nighttime operation.

3.2.2 Peak Electricity Period (8:00-11:00): Heat Release Mode Operation Characteristics

As shown in Fig.7, the heat release phases were generally divided into two stages. During the initial
heat release stage (8:00-9:30), 7, remained stable at approximately 43.0 °C, indicating that this stage
was dominated by latent heat release, providing a constant temperature heat output. After 9:30, 7,
decreased at a markedly higher rate, signifying the transition from latent heat release to sensible heat
release. This latter stage continued until 7, dropped below the heat pump start-up threshold (7, <
40.0 °C).

Although the heat pump remained inactive and the outdoor temperature showed an upward
fluctuation, 7; consistently remains above 18.0 °C, which fully satisfied the heating comfort
requirements. This demonstrates that the phase change module can effectively replace the heat pump for
space heating during peak electricity hours. Since only a low-power water pump was required during
this phase, the system achieved near-zero energy consumption for space heating, providing direct
experimental evidence for peak load shifting and electricity cost reduction.
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Fig.7 Temperature variations of the system during the heat release mode

As shown in Fig.7, the phase change heat storage module exhibited a complete latent heat-sensible
heat release characteristic, which ensured stable heating performance and satisfied the design
requirements for indoor temperature regulation. Additionally, the heat storage capacity of the module,
based on the precise capacity design from earlier, fully covered the heating demand throughout the entire



peak electricity period, with the final 7, remaining above 40.0 °C. These results demonstrated that,
through rational system design and effective control strategies, the system could substantially reduce
the energy consumption during peak grid periods while maintaining indoor thermal comfort.

3.2.3 Mid-Peak Period (11:00-18:00): Adaptive Operation Characteristics

During the mid-peak period, t the system adopted an adaptive operation strategy, with its operating
state determined by 7, and 7. As shown in Fig.8(a), when 7, was below 44.0 °C, the system operated in
heat storage mode; when 7, reached or exceeded 44.0 °C, the system automatically switched to heating-
only mode.

The operating status and energy efficiency analysis of the system were presented in Fig.8. In heat
storage mode, a clear dynamic correlation was observed between the heating capacity and 7;, as
illustrated in Fig.9. When 7; was below 20.0 °C, the heat pump subsystem simultaneously supplied
thermal energy to the indoor space and the heat storage module, maintaining high heating output and
compressor power consumption. Once 7; reached 20.0 °C, the control system automatically shifted the
heat distribution priority toward the phase change heat storage module, thereby reducing the thermal
load and leading to a consequently decrease in heating capacity. During this process, slight fluctuations
in 7; induce minor variations in heating capacity and compressor power consumption. Nevertheless, the
instantaneous COP remained stable within an efficient range of 3.2-3.5. This phenomenon visually
demonstrated the system's intelligent energy distribution strategy while ensuring thermal comfort.
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Fig.8 Operating status of the system during the mid-peak period

In heating-only mode, the heat pump subsystem maintained efficiency through intermittent
operation. The compressor power consumption exhibited a regular stepped variation, as shown in
Fig.8(b), directly reflecting changes in indoor heat load demand (Fig.9). Its cumulative operating time
accounted for only 35%, meaning that during more than half of the intermediate period, the heat pump
completely stopped working, achieving effective energy savings. Meanwhile, 7, fluctuated slightly
around 44.0 °C and was precisely compensated by the intermittent operation of the heat pump.
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Fig.9 Indoor temperature control performance during mid-peak period

Overall, during the entire mid-peak period, the system operated in a stable and reliable manner,
maintaining 7; consistently within the comfortable range abovel8.0 °C. Meanwhile, during the heating-
only period, 7, remained stable at around 44.0 °C. Energy consumption was significantly reduced with
a shutdown ratio of up to 65%. The control system, through the collaborative decision-making of 7, and
T; during the mid-peak period, achieved adaptive switching between operating modes and dynamic
energy distribution.

3.2 Analysis of the System's All-Day Operation Performance

Fig.10, based on continuous 72 h operational data, illustrated the dynamic evolution of the system
three-day performance. During the initial operation stage (Day 1), the phase change heat storage module
completed its first charging process, reaching a temperature of 43.3 °C by the end of the off-peak period.
During the early peak period (8:00-11:00), space heating was supplied by a combination of latent and
sensible heat from the storage module. As a result, indoor temperature fluctuations during this period
were larger in magnitude and occurred more frequently. Subsequently, during the mid-peak period
(11:00-17:00) on the same day, the system continued operating in heat storage mode, fully charging the
phase change heat storage module to 44.0 °C and thereby establishing the basis for stable operation in
subsequent cycles.

From the second day onward, the system entered a stable operating regime. The heat storage and
heat release temperature profiles of the 7, aligned closely between different cycles, with daily
fluctuations in the latent heat plateau temperature being less than 1.0 °C. Under these conditions, the
early peak period became dominated by stable latent heat release, which markedly reduced indoor
temperature fluctuations. Throughout the entire peak electricity pricing period, the heat pump remains
inactive, while the storage capacity consistently satisfied the space heating demand.

Compared to the startup phase, in the steady-state operation phase, the temperature fluctuations
during the early peak period were reduced by approximately 40%, while maintaining the same thermal
comfort range. Meanwhile, the average daily operating time of the heat pump subsystem decreased from
16 h to 12 h, corresponding to a reduction of 25%.

Despite daily operating mode transitions and disturbances caused by variations in outdoor
temperature, 7; was consistently and accurately maintained within the target range of 18.0-20.0 °C.
These results fully validated the strong robustness of the control system in responding to environmental
changes, as well as the long-term effectiveness of the peak shaving and valley filling operation strategy.
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After the initial start-up phase, the system, by adjusting its operation strategy, not only improved heating
stability during the early peak period by 40% but also reduced the daily required operating time of the
heat pump by 25%.
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Fig.10 System performance in three consecutive days

3.3 Economic Analysis of the System

Based on the time-of-use electricity tariffs in Nantong (peak electricity: 1.120 CNY/kWh;
mid-peak electricity: 0.650 CNY/kWh; off-peak electricity: 0.272 CNY/kWh), this paper compares the
operational energy consumption and costs of the heat pump heating system integrated with phase change
heat storage with a traditional air-source heat pump system over the entire heating season (120 days,
continuous operation, equivalent to 2880 hours).

The comparison assumes a typical daily load profile, with input power for the coupled system

derived from experimental data and an average COP of 3.5 for the traditional system.

Table 2 Daily energy consumption and cost of the coupled system

Actual Operating  Electricity Price Electricity

Time Period Input Power (kW) i
Time (h) (CNY/kWh) Cost (CNY)
22:00-8:00 1.1 7.2 0.272 2.154
8:00-11:00 0.4 2.2 1.120 0.985
11:00-18:00 1.0 4.8 0.650 3.120
18:00-22:00 0.4 3.0 1.120 1.344
Total 7.603

As shown in Table 2, the daily average cost of the coupled system during the heating season is
approximately 7.600 CNY/day, while the daily average cost of the traditional system is 9.380 CNY/day.
This results in a seasonal cost reduction of about 214 CNY, or 19 %. Although the coupled system
consumes slightly more electricity due to heat losses during storage, its peak-shifting strategy effectively
exploits the price differential between peak (1.120 CNY/kWh) and off-peak (0.272 CNY/kWh) periods.
The storage module is placed indoors and insulated with 50 mm polyurethane (A=0.025 W/(m-K),
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surface area ~2.2 m?). The steady-state heat loss rate during standing is estimated as 28 W. This loss is
small compared to the typical charging/discharging power, so the additional electricity consumption
caused by storage losses is minor and does not affect the economic benefit demonstrated in Table 2.
These findings validate the significant economic benefits of integrating phase change heat storage with
a time-phase operation strategy.

4. Conclusion

This study establishes an experimental platform and a control strategy based on the phase change
heat storage module temperature (7,) and indoor temperature (7;) as coupling criteria, allowing for the
adaptive switching of the system between three operating modes: heat storage, heat release, and heating-
only. Continuous dynamic testing is conducted to comprehensively analyze the performance and
economics of a time-phase operated the heat pump heating system integrated with phase change heat
storage. The principal conclusions are as follows:

1. The system maintains indoor temperature at 18.0-20.0 °C under all operating conditions. The
storage module shows stable phase change behavior within 40.0-44.0 °C (control thresholds), with an
actual phase change plateau at about 43.0 °C.

2. During peak electricity periods, the system can provide heating independently from the storage
module with near-zero electricity consumption. The heat pump operates only 35% of the time during
mid-peak periods.

3. After initial start-up, the system improves peak-period heating stability by 40% and reduces daily
heat pump running time by 25% (from 16 h to 12 h).

4. Economic analysis based on actual operational data shows that, compared to traditional air-
source heat pump systems, the operating costs of this system can be reduced by approximately 19%.
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