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This paper reviews the stability, heat transfer efficiency and photothermal 

conversion efficiency optimization studies of solid-liquid phase change 

materials applied to water heaters. Suggestions and prospects were 

proposed. The study shows that the solid-liquid PCMs are mostly filled in the 

water tank, thermal storage devices or solar thermal collector heater system 

with paraffin wax, and the addition of solid-liquid PCMs can significantly 

improve the water heater performance. Further in-depth research is needed 

on PCM material dosage and system economics of their application in heat 

pump water heaters, and the application of photothermal conversion phase 

change materials in solar water heater systems. 

Key words: phase change material; water heater; heat transfer efficiency; 

performance coefficient; photothermal conversion 

1. Introduction 

Although the power supply in China is relatively stable, the peak-valley electric difference of 

power load is significant. Especially in recent years, the peak of power consumption caused by climate 

change have climbed, which has intensified the imbalance between electricity supply and demand in 

space and time, bringing serious challenges to the power grid peak regulation, domestic and industrial 

electricity consumption [1]. The electricity consumption of building operation accounts for about 1/4 

of the total electricity consumption of society, and the electricity consumption of water heaters is 20%-

40% of the total household electricity consumption, the annual electricity consumption of water heater 

reaches 40-60 billion kWh [2, 3], which has great potential for participating in peak regulation of 

power grid. With the high energy storage density [4], phase change materials (PCM) can effectively 

improve the efficiency of water heaters, reduce operating costs, and alleviate the mismatch of 

electricity supply and consumption. For the 4 kinds of PCM-solid-liquid PCM, liquid-gas PCM, solid-

solid PCM, and solid-gas PCM, the disadvantages of the latter three kinds of PCM, for instance, small 

heat storage density, large volume variation during phase change, and high pressure, hinders the 

application of the three kinds of PCM. Thus, solid-liquid PCMs are widely used in water heater energy 

storage [5-7]. The efficacies of PCMs in water heaters are thermal storage and photothermal 

conversion. Stability, thermal storage capacity, thermal storage/discharge rate, and photothermal 

conversion efficiency are the main optimization points in PCM applications. 



For heat pump water heaters, solar water heaters, electric water heaters and gas water heaters, 

PCMs are more widely used in the first three types of water heater. PCMs applied in water heaters can 

not only increase the water temperature of water heaters, extend the heating duration and improve the 

performance, but also reduce the electricity cost by peak shifting. In recent years, the coupling 

technology of latent heat storage and photothermal conversion has become a research hotspot in the 

application of PCM for solar water heaters [8-10], which can effectively solve the mismatch of solar 

energy supply and consumption. Thus, the photothermal conversion PCM that integrates light 

absorption, photothermal conversion and heat storage can simplify the application of PCMs in solar 

water heaters, consequently, the system energy efficiency could be improved. In this paper, the 

modification of PCM and the application of PCMs in different types of water heaters are analyzed. 

2. Overview of the application of PCM in water heaters 

Fig.1 shows the classification of PCMs modification and the application of PCMs in water 

heaters. The research on the performance optimization of PCMs mainly focuses on the enhanced 

stability, heat transfer efficiency and photothermal conversion efficiency. The application of PCMs in 

heat pump water heaters solves the problems of low operating efficiency under sever outdoor 

conditions, long heating time, frost and supply-demand imbalance, while the application of PCMs in 

solar water heaters is classified according to the type of collectors. 

 

Fig.1 The classification of PCMs modification and the application of PCMs in water heaters 

3. Functional requirements of PCMs for thermal storage units 

Although PCMs have been widely used in water heaters, it suffers material leakage, volume 

variation, corrosion and low thermal conductivity during phase change. Therefore, stability and heat 

transfer efficiency are two key points for the application of PCMs [11-13], while, for photothermal 

conversion PCMs, the photothermal conversion capability also should be evaluated [14]. This section 

will review the research work of PCMs about stability, heat transfer efficiency and photothermal 

conversion capability improvements at home and abroad. 



3.1. Stability of PCMs in energy storage units 

To improve the stability of PCMs during phase change, current research has focused on 

microencapsulation [15], coupling with porous media and substrate materials for support. 

Microencapsulation means wrapping the particles and liquids of PCMs with film-forming materials by 

physical and chemical methods (interfacial polymerization, in situ polymerization, emulsion 

polymerization, Pickering and sol-gel, etc.), thus the microcapsules of different sizes are proposed [16-

20]. After encapsulation, the PCMs can be isolated from the surrounding environment, which not only 

increases the specific surface area for heat transfer, but also avoids risks such as leakage and 

corrosion, which can improve the stability of PCMs in energy storage units. 

In terms of encapsulation of PCMs, Luz Sanchez et al [21] compared the situation that styrene, 

methyl methacrylate and polymethyl methacrylate (PMMA) serve as shell materials for graphite 

microencapsulation respectively, the results show that PMMA has more intense reactivity and higher 

polarity, which is more favorable for graphite microencapsulation. Yi Wang et al [22] compounded 

PMMA with stearic acid, and the composite was microencapsulated, no leakage exists for 

microencapsulated PCM material in 500 times of heat storage and release tests, the composite shows 

good thermal and chemical stability. Hao Wang et al [23] prepared PMMA shells on the surface of n-

octadecane, the encapsulated microcapsules show good heat storage and release properties and thermal 

stability in tests. Refat Al et al [24] used PMMA to microencapsulate paraffin wax, and the 

microencapsulated spheres had a regular shape, smooth surface, the concentration of PCM in the 

microcapsules was as high as 85.6%. In terms of the composite of PCMs and porous media, the porous 

media that widely used in domestic and international studies arranged by pore size from largest to 

smallest as [25] macroporous media (>50 nm, foam metal, foam graphite, etc.) [26-29], mesoporous 

media (2-50 nm, silica, carbon nanotubes) [30-33], microporous media (<2 nm, metal organic 

frameworks, porous polymers, etc.) [34-36], and graded pore media (graded porous polymers, graded 

porous carbon, etc.) [37-39]. In addition to stability promotion, porous media also have large thermal 

conductivity, which can simultaneously enhance the heat transfer efficiency of PCMs. Keping Chen et 

al [40] composited polyurethane with n-octadecane, and the test results show that the composite PCM 

is easy to shape with lower cost, and has a promising application in solar energy storage. Kalpana et al 

[41] compounded n-eicosane with random copolymers, the composite properties remained stable 

throughout 500 times of heat storage and release cycles. 

3.2. Heat transfer efficiency of PCMs in energy storage units 

To improve the heat transfer efficiency of PCMs, the main method is adding nanomaterials, metal 

rings/metal foams/metal fins [42-47] for PCMs in studies at home and abroad, while the latter 

additions will significantly increase the weight and cost of PCMs, which is not conducive to the 

application of PCMs. Therefore, in recent years, nanomaterials are mainly used as additives to 

improve the thermal conductivity of PCMs, the most commonly used nanomaterials include carbon 

nanomaterials, metal nanomaterials, and oxide nanomaterials. 

Carbon nanomaterial additives mainly include carbon nanotubes [48-50], graphene [51, 52], and 

expanded graphite [53, 54]. The enhancement effect of carbon nanomaterials on the heat transfer 

coefficient of PCMs mainly depends on the specific surface area and dispersion of the material, and 

the larger the specific surface area and the more dispersed the nanoparticles, the more significant 



enhancement effect of carbon nanomaterials on thermal conductivity of PCMs. Metal nano additives 

mainly include copper nanoparticles [55, 56], silver nanoparticles [57, 58], and iron nanoparticles [59]. 

Oxide nanomaterials mainly include SiO2 [60, 61], TiO2 [62, 63], CuO [64, 65], and Al2O3 [66], 

among which, TiO2 has the most significant ability to enhance the heat transfer efficiency of PCMs 

and is the most widely used oxide nano additive with low cost [59]. With the increase of nanomaterial 

concentration, the thermal conductivity of the PCMs generally increases, but it also leads to a decrease 

in the latent heat of the composite PCM. 

3.3. Photothermal conversion efficiency of PCMs in energy storage modules 

For the application of PCMs in solar water heaters, the phase change energy storage only has a 

single function of latent heat storage, the system usually composed by heat collection, energy storage 

and connection components, the structure is complex. In recent years, some researchers have found 

that the non-radiative decay process of some materials in sunlight has a photothermal conversion 

function, after the composition of photothermal conversion material and PCMs, thus, the composite 

PCMs integrate three functions of light absorption, photothermal conversion and thermal storage, 

which can simplify the solar water heater system and improve the energy utilization efficiency. The 

widely studied photothermal conversion materials at home and abroad include carbon-based 

nanomaterials, metal nanomaterials, semiconductor materials, ZnO, and Cu-S [67, 68]. Given that 

different photothermal conversion materials have differences in absorption wavelengths, the 

absorption wavelength can be controlled by changing the chemical composition of the composite 

PCM. Kong et al. sprayed C-SiO2-NTs on the surface of paraffin wax, and the results show that the 

photothermal conversion efficiency of the composite PCM could reach 87.6% [69].Yuan Zhang et al. 

proposed Ag-GNS nanosheets by modifying graphene with Ag nanoparticles, and is was used as a 

carrier material to load PEG to prepare composite photothermal conversion PCMs, the photothermal 

conversion efficiency of the composites reaches 88.7%-92.0% [70]. Zhang et al. added Ti4O7 into 

SiO2-paraffin phase change microcapsules, the addition of Ti4O7 broadened the spectral absorption 

range of the composite photothermal conversion PCMs, the conversion efficiency reaches 85.36% 

[71]. Ma et al [94] microencapsulated the composite PCM-paraffin with TiO2/graphene oxide and 

dispersed it into water to form a suspension with high thermal conductivity, specific heat and light 

absorption properties, therefore, the energy storage capacity of the SWH was enhanced. The 

photothermal conversion efficiency of composite photothermal conversion PCMs in domestic and 

international literature is basically above 85%. 

4. Application of PCMs in water heaters 

PCM is mainly applied to heat pump water heaters (HPWH) and solar water heaters (SWH), few 

studies have also applied it to electric water heaters. Table 1 lists the research on the application of 

PCMs in water heaters. 



Table.1 Application of PCMs in water heaters 

Researcher PCM 
Phase change 

temperature/℃ 

Latent heat 

/kJ·kg-1 
Types Application position Conclusion 

Colarossi D et 

al.[72] 
Paraffin wax（RT35HC） 35 240 SWH 

In a thick flat plate type 

thermal storage tank after 

heat generation by 

photovoltaic panels 

The addition of PCMs can reduce the 50L, 75L, 100L and 

125L thermal storage tank volume by 15.3%, 21.2%, 22% 

and 21.5% respectively 

WANG Y C[73] 
Paraffin wax （ RT40 ）

+SiO2+copper ring 
39.7 133 HPWH thermal storage tank 

The heat transfer efficiencies of PCMs were improved, the 

heat storage time was reduced by 64% and the heat release 

time was released by 55% 

Deqiu Zou et 

al.[74] 
Paraffin wax（RT44HC） 43 255 HPWH 

In the external annular shell 

of the heat storage tank 

With the same volume of water tank, the addition of PCM 

increases the heat storage capacity by 14% and reduces the 

heating time by 13% with the same heating temperature 

rise. 

Monia et al.[75] 

Paraffin wax （ RT42 ） + 

graphite 
43 139.7 

SWH 

In glass vacuum tube 

collector, wrapped on the 

outer wall surface of the 

water pipe which connected 

to the tank 

Under night operation condition, the water temperatures of 

water heater with paraffin wax (RT42) + graphite and 

myristic acid were 6~18℃ and 17~29℃ higher than the 

water temperature of water heater without PCM, 

respectively. 

Myristic acid 54 189 

Jianghong Wu 

et al.[76] 

Paraffin wax + expanded 

graphite 
52-54 140 HPWH 

Compression molding and 

filling in the heat exchange 

unit 

When the inlet water flow rete is 0.5L/min, outlet water 

flow rate is 45℃, the adding of PCM increase the outlet 

water flow rate by 83.12%, and the water tank volume is 

reduced significantly. 

Jianyou 

Long[77] 
Paraffin wax（56#）+ graphite 56.03 254.9 HPWH In thermal storage tank 

After the structural optimization of thermal storage tank 

with PCM, the average actual COP of the HPWH reaches 



3.8. 

Hussain et 

al.[78] 

Paraffin wax +1wt% Nano 

Copper 
59.6 160.3 SWH 

In the plate collector, 

between the light-absorbing 

plate and the insulation 

plate 

After 24 h of operation, the addition of the PCM resulted 

in a 15.95% increase in the outlet water temperature. 

Alexios et al.[79] 

Paraffin wax（C26H54） 56 250 

SWH 

Inside the glass tube of the 

heat pipe type vacuum tube 

collector 

By filling half of the collector tubes with paraffin wax 

(C33H68) and the other half with erythritol (C4H10O4), 

the efficiency of the SWH filled with dual PCMs 

increased by 26% compared to that with no phase change 

materials 

Paraffin wax（C33H68） 72 256 

Erythritol（C4H10O4） 118 339.8 

A.Allouhi et 

al.[80] 
Paraffin wax（C20H42） 36.6 237.4 SWH 

The inner surface of 

insulation in flat type 

collector 

When the flow rate is 0.0015kg/s, the thickness of the 

PCM is 0.01m, and the setting temperature is 313K, the 

overall cost of the SWH is the lowest. 

Chuanchang Li 

et al.[81] 

Myristic acid 54 189 

SWH 
In the vacuum tube of the 

glass vacuum tube collector 

The addition of 6 wt% expanded graphite can increase the 

heat release capacity of the phase change unit and improve 

the uniformity in the heat transfer process. 

Stearic acid + expanded 

graphite 
56-69.9 167.3 

Xie et al.[82] Stearic acid + carbon fiber 52.52 76.69 SWH 

In the vacuum tube of the 

U-tube vacuum tube 

collector 

Composite PCMs have better thermal stability and heat 

transfer efficiency. 

Huizhi Yang et 

al.[83] 

Polyethylene glycol (PEG) + 

acrylic acid + carboxyl-rich 

carbon 

33.32 143.16 SWH 
In the vacuum tube of the 

glass vacuum tube collector 

The composite PCM has higher thermal conductivity 

(204% higher than PEG), high energy storage density and 

93.3% photothermal conversion efficiency. 

Shin Ying et 

al.[68] 

Galactitol/myristic acid + 

perlite 
43.83 121.13 SWH - 

Good thermal stability, the decay of latent heat value is 

less than 7% after 1000 times of test. 



H.Shengxue[84] 

Ba(OH)2·8H2O（small amount 

of BaCO3 works as nucleating 

agent） 

77.9 193 SWH 
In the vacuum tube of the 

glass vacuum tube collector 

The addition of the PCM extended the heating time of the 

water heater under night operation and delayed the peak 

temperature in the tank by 1h. 

YUAN X Y[85] 

NH4Al(SO4)2·12H2O 94 269 

SWH 

In the water tank of the heat 

pipe type vacuum tube 

collector water heater 

The heat storage/release capacity was increased. 

Ba(OH)2·8H2O 78 265 
The heat storage/release capacity and system efficiency 

were increased. 

WU J H[86] 
CH3COONa·3H2O（Borax as 

the nucleating agent） 
55 246 HPWH In thermal storage unit The thermal storage capacity was improved. 

Cagri et al.[87] CH3COONa·3H2O - 250 

Solar-

assisted 

HPWH 

Encapsulated in cylinders 

and placed in the upper part 

of the heat storage tank 

The power consumption was reduced by 12.1%-13.5%. 

E.lnkeri et 

al.[88] 
Stearic acid + graphite 69 157.5 HPWH 

Filled between the outer 

wall of the heat transfer 

fluid tube and the 

hexagonal shell 

Heat consumption and heat storage can be performed 

simultaneously, the flexibility in energy use of the system 

was enhanced. 

F.H.Wang et 

al.[89, 90] 
CaCl2·6H2O - - HPWH 

Filled in the thermal 

storage unit to compensate 

for the heat required for 

defrosting 

Compared with reverse-cycle defrost, the COPs of frost-

free HPWH were increased by 17.9% and 3.4% at -3°C 

and 3°C outdoor temperature, respectively 

Zhihua Wang et 

al.[91] 

CaCl2·6H2O +2wt% of 

SrCl2·6H2O 
- - HPWH 

Filled in the thermal 

storage unit to compensate 

for the heat required for 

defrosting 

Compared with reverse-cycle defrost, the operation is 

more stable, when the outdoor temperature rises from - 

10°C to 0°C at a relative humidity of 80%, the average 

COP increases of 56.2%. 



4.1. Applications of PCMs in HPWH 

HPWH consists of heat pump and heat storage unit/water tank, which produces heat by heat 

pump and stores the heat in heat storage unit or water tank, finally, the heat will be supplied to users. 

Compared with electric water heaters and gas water heaters, HPWHs have a longer heating time and 

low efficiency at low temperature conditions. Given the high energy storage density of PCM, it can be 

applied to HPWH to realize cold water preheating, shorten heating time, provide heat source for heat 

pump defrost, and improve system efficiency. The application of PCMs in HPWHs is to solve the 

problems of low efficiency, long heating time, frost under low temperature conditions, balancing 

supply and demand and power peak regulation. 

In terms of the application of PCMs in HPWHs, Jianyou Long et al [77] filled paraffin wax (56#) 

in the storage tank and simulated the temperature distribution during the thermal storage process by 

quasi-steady state method, results show that the average COP of the HPWH system could reach 3.08. 

Deqiu Zou et al [74] filled paraffin wax (RT44HC) in the external annulus of the thermal storage tank. 

The addition of PCM increased the heat storage capacity of the HPWH by 14% at the same water tank 

volume, and reduced the heating time by 13% at the same temperature rise. Jianghong Wu et al [76] 

filled the heat exchanger unit with compression-molded paraffin/graphite, when the inlet water flow 

rate was 0.5 L/min and the outlet water temperature was 45°C, the addition of PCM increased the 

outlet water flow rate by 83.12% and significantly reduced the volume of the water tank. Xinfang Li et 

al [92] applied CNTs/paraffin composite PCM in a HPWH, the results show that the addition of CNTs 

led to a significant increase in the heat storage rate and discharge rate of the HPWH, moreover, the 

system operation is stable. Compared with the HPWH without PCM, the addition of composite PCM 

reduced the volume of the thermal storage unit by 50% in HPWH. As shown in Fig. 2, E.lnkeri et al 

[88] optimized the structure of heat storage unit, the stearic acid-graphite composite PCM was filled in 

the middle cavity of the circular tube and the hexagonal shell. Heat consumption and heat storage can 

be performed simultaneously, the flexibility in energy use of the system was enhanced. 

 

 

Fig.2(a) HPWH System schematic 
Fig.2(b) The structural schematic of heat storage 

unit[88] 

Fig.2 HPWH System schematic 

As shown in fig.3, Cagri et al [87] proposed a novel solar energy-assisted HPWH, the sodium 

acetate trihydrate was encapsulated in cylinders and placed at the top of the heat storage tank, the 

system energy consumption decreased 12.1%-13.5% by switching system between different operation 

modes. 



 

Fig.3 The schematic of the solar energy-assisted HPWH 
[87]

 

In terms of PCMs applied to HPWH defrost, as shown in Fig.4, F.H. Wang et al [89, 90] 

proposed a novel frost-free air-source HPWH with solid desiccant for dehumidification. The 

condensing heat was recovered by PCM CaCl2 - 6H2O when heating, so that it can be used as a low-

temperature heat source for desiccant regeneration to ensure continuous operation of the HPWH. 

Compared with the reverse cycle for defrosting, the COP of the frost-free HPWH was increased by 

17.9% and 3.4% at -3°C and 3°C outdoor temperature, respectively. Zhihua Wang et al [91] used 

CaCl2·6H2O+2wt% of SrCl2·6H2O as PCM to provide the heat source for desiccant regeneration in the 

frost-free air-source HPWH. Furthermore, the performance of the frost-free HPWH was compared 

with that of the conventional HPWP, the results show that the frost-free HPWH operated more stable, 

and the average COP of the system increased by 56.2% when the outdoor temperature increased from 

- 10°C to 0°C at 80% relative humidity, but further research is needed to enhance the performance of 

the HPWH under low outdoor temperature conditions. 

 

1-compressor；2/14- High/low-pressure protection devices；3-four-way valve；4-water tank

； 5/13/15/18- solenoid valve ； 6-energy storage device ； 7/10/16-filter drier ； 8/11/17- 

electronic expansion valve；9-heat exchanger coated with a solid desiccant；12-evaporator 

Fig.4 The schematic of the novel frost-free HPWH
[91]

 



4.2. Applications of PCMs in SWH 

PCMs in SWHs are used for thermal energy storage and photothermal conversion, and the 

application position are generally solar heat collectors and water tanks. For the two types of solar heat 

collectors-flat plate solar heat collectors and vacuum tube solar heat collectors, the latter has lower 

heat loss, therefore, vacuum tube solar heat collectors have become increasingly popular in recent 

years. According to the system structure, vacuum tube solar collectors are generally divided into 

3types: all-glass vacuum tube collectors, U-tube vacuum tube collectors and heat pipe vacuum tube 

collectors. 

Fig.5 shows the schematics of the flat plate solar heat collector, solar radiation is absorbed 

through the glass plate by the adsorption layer and then converted into heat and conducted to the heat 

transfer media. As shown in Fig.5(a), Alloihi et al [80] placed a paraffin layer on the surface of the 

insulation layer in the flat plate solar heat collector, and the working performance of the SWH at 

different flow rates, PCM thickness and setting temperatures was studied, when the flow rate was 

0.0015 kg/s, the PCM thickness is 0.01m and the setting temperature is 313K, the SWH has the lowest 

comprehensive cost. As shown in Fig.5(b), Hussain et al [78] filled paraffin+1wt% nano-copper 

composite PCM between the adsorption and insulation plates, compared with the working 

performance of the SWH without PCM, that of the SWH with PCM increases the outlet water 

temperature by 15.95% after 24 h of operation. 

 

 

Fig.5(a) The PCM covered on the surface of the 

insulation layer
[80]

 

Fig.5(b) The PCM filled between adsorption and 

insulation layer
[78]

 

Fig.5 Schematics of flat plate solar heat collector 

Fig.6 shows all-glass vacuum tube solar heat collectors, Monia et al [75] wrapped TR42-graphite 

and myristic acid respectively on the outer surface of the water pipe that connected to the tank. The 

experimental results show that, compared with the case without PCM wrapping, the outlet water 

temperatures of the SWH were increased by 6~18°C and 17~29°C, respectively. Chuanchang Li et al 

[81] filled the myristic acid + Stearic acid composite PCM in the vacuum tube of the solar heat 

collector, and the composite PCM was modified by adding expanded graphite with different 

concentrations, the results show that the addition of 6 wt% expanded graphite could improve the 

discharge efficiency of the PCM and improve the uniformity during heat transfer process. Huizhi 

Yang et al [83] prepared the polyethylene glycol (PEG) + acrylic acid + carboxy carbon composite 

PCM which combines the function of heat storage and photothermal conversion, and the composite 

PCM was filled into all-glass vacuum tube solar heat collector. The results show that the composite 

PCM has high thermal conductivity (204% higher than PEG), and has higher energy storage density 



and 93.3% photothermal conversion efficiency when applied in the all-glass vacuum tube solar heat 

collector. 

 
 

Fig.6(a) The PCM covered on the surface of the water 

tube
[75]

 

Fig.6(b) The PCM filled in the vacuum 

tube
[81]

 

Fig.6 Schematics of All--glass vacuum tube solar heat collector 

Fig.7 shows the schematics of the application of PCM for heat storage in the U-tube type vacuum 

tube solar heat collector. Generally, PCMs are filled between the U-tube external surface and the inner 

surface of the vacuum tube type solar heat collector. Xie et al [82] prepared stearic acid + carbon fiber 

as the composite PCM, and filled the composite PCM in vacuum tubes. After the thermal cycling 

experiment, the results show that the composite PCM has good thermal stability and heat transfer 

efficiency. HassanOlfian et al [93] studied the effects of PCM on the heat-collecting efficiency at 

different U-tube diameters, and the results show that, compared with the heat-collecting efficiencies of 

the vacuum tube type solar heat collector at 8mm and 10mm U-tube diameters, the daily heat-

collecting efficiencies increased by 34% and 48.5% when the U-tube diameter was 6mm. respectively. 

H.Shengxue et al [84] modified the Ba(OH)2·8H2O by adding BaCO3 as a nucleating agent to reduce 

the subcooling degree, the experimental results show that the heating time of the U-tube type vacuum 

tube solar heat collector at night was extended and the peak temperature in the tank was delayed by 

1h. 

 

 

Fig.7 The schematic of the U-tube type vacuum tube solar heat collector 

Fig.8 shows the schematics of PCM application in heat pipe type vacuum tube collector. The 

PCM is filled between the inner surface of the vacuum tube and the external surface of the heat pipe, 

and the solar radiation heat is absorbed by the PCM. One end of the heat pipe is inserted into the PCM 

and another end is connected to the water channel, thus, the heat can be transferred to water. Alexios 

et al [79] proposed a novel thermal storage SWH using a dual PCM filling method, half of the vacuum 

tubes were filled with paraffin and another half of the vacuum tubes were filled with erythritol, the 



experimental results show that, compared with the efficiency of heat pipe vacuum tube SWH without 

PCM filling, that of the heat pipe vacuum tube SWH with dual PCM was improved by 26%. 

 

 

Fig.8 The schematic of PCM applied in heat pipe vacuum tube solar heat collector[79]. 

4.3. Applications of PCMs in Electric water heaters 

The PCMs are generally applied in heat exchanger or insulation layer for electric water heaters 

[95]. Qu Renjun et al [96] modified sodium acetate by adding sodium pyrophosphate as the nucleating 

agent, the composite PCM was filled in the heat exchanger with finned copper tubes inside. The 

experimental results show that the addition of the PCM improved the heat storage capacity of the 

electric water heater, furthermore, after the modification for the PCM, the heat transfer efficiency of 

the heat exchanger increased by 12.23%. Zeng Yun et al [97] compared the economic benefits of 

thermal storage electric water heaters with water heaters without PCMs, the results show that the tank 

volume of thermal storage electric water heaters could be reduced by 30% ~50% with the same 

amount of hot water preparation. Moreover, the annual operation cost was only 1/3 of that of electric 

water heaters without PCMs. Wu, L. et al [98] studied the effect of PCM (paraffin + 10 wt% graphite) 

layers with different thicknesses in insulation layer on the performance of electrical water heaters. The 

results show that, with the total insulation thickness unchanged, when the insulation time was 36h, the 

PCM layers with thicknesses of 10 mm, 15 mm and 20 mm were able to increase the outlet water 

temperature by 6.9%, 8.6% and 10.6%, respectively. 



 

 

Fig.9(a) Application of PCM in heat 

exchanger
[96]

 

Fig.9(b) Application of PCM in insulation 

layer[98] 

Fig.9 The schematic of PCM applied in electrical water heaters 

5. Conclusion 

This paper has reviewed the PCM modification studies in terms of stability, heat transfer 

efficiency and photothermal conversion efficiency, and the application research of PCMs in different 

types of water heaters. The application of PCMs in water heater can enhance the heat storage capacity, 

improve the operation efficiency, shorten heating time and reduce system operation cost. Which has 

extensive application prospects. Future work could focus on the following points for in-depth research, 

so as to promote the innovation and industrial upgrading of thermal storage water heaters. 

(1) At present, paraffin is the most widely used solid-liquid PCM for water heaters. And PCMs 

are generally applied in water tanks, heat storage tanks or solar heat collectors. The research on PCMs 

application at home and abroad mostly focus on material modification in terms of thermal storage 

capacity, thermal conductivity and stability of materials. The application scenarios and cost of PCMs 

should be taken into consideration, the application economy could be taken as an evaluation index, so 

as to promote the application and marketization of new PCMs. 

(2) The selection and dosage of PCMs, selection and design of heat storage units are still under 

developing in HPWHs. In-depth research and development on thermal storage HPWH with high 

efficiency, energy-saving, reliability and cost advantages are still needed. 

(3) Most of the studies on photothermal conversion PCM focusing on the material modification, 

the further research of its application in SWH is suggested. 

(4) To promote the efficient consumption of green energy, thermal storage water heaters can be 

treated as virtual energy storage resources for buildings to participate in power grid demand response. 

Furthermore, the control strategy for thermal storage water heaters to participate in demand response 

could be an emerging interdisciplinary research direction. 

 



Acknowledgment  

This research was financially supported by the National key research and development plan 

project (2022YFC3802501). 

References 

[1] Geng J, Zhao C, Cao J, Li Y, Jin Y, Wu X. Quantitative evaluation method of user-side resource 

adaptability for power grid different regulation demands. Energy Reports. 2022;8:1002-8. 

[2] Runqing H, Peijun S, Zhongying W. An overview of the development of solar water heater 

industry in China. Energy Policy. 2012;51:46-51. 

[3] Ma B, Yu Y, Urban F. Green transition of energy systems in rural China: National survey evidence 

of households’ discrete choices on water heaters. Energy Policy. 2018;113:559-70. 

[4] WANG C, ZHAO Y, GONG C C, et al. Feasibility Analysis of New Refrigerator Storage Solution.  

The Second China Refrigeration and Air Conditioning Professional Industry-Academia-Research 

Forum. Beijing, 2013:62-65. (in chinese) 

[5] Abokersh MH, El-Morsi M, Sharaf O, Abdelrahman W. On-demand operation of a compact solar 

water heater based on U-pipe evacuated tube solar collector combined with phase change material. 

Solar Energy. 2017;155:1130-47. 

[6] Chaichan MT, Kazem HA. Water solar distiller productivity enhancement using concentrating solar 

water heater and phase change material (PCM). Case Studies in Thermal Engineering. 2015;5:151-9. 

[7] Fallah Najafabadi M, Farhadi M, Talebi Rostami H. Numerically analysis of a Phase-change 

Material in concentric double-pipe helical coil with turbulent flow as thermal storage unit in solar 

water heaters. Journal of Energy Storage. 2022;55:105712. 

[8] Atinafu DG, Wang C, Dong W, Chen X, Du M, Gao H, et al. In-situ derived graphene from solid 

sodium acetate for enhanced photothermal conversion, thermal conductivity, and energy storage 

capacity of phase change materials. Solar Energy Materials and Solar Cells. 2020;205:110269. 

[9] Liu T, Zhao Y, Lei Y, Zhao S, Jiang L, Wang J, et al. Catalyst-free, reprocessable, intrinsic 

photothermal phase change materials networks based on conjugated oxime structure. Chemical 

Engineering Journal. 2022;450:138144. 

[10] Shi T, Zhang M, Liu H, Wang X. Phase-change nanofluids based on n-octadecane emulsion and 

phosphorene nanosheets for enhancing solar photothermal energy conversion and heat transportation. 

Solar Energy Materials and Solar Cells. 2022;248:112016. 

[11] Yu K, Liu Y, Yang Y. Enhanced thermal properties of polyethylene glycol/modified rice husk ash 

eco-friendly form-stable phase change material via optimizing support pore structure. Journal of 

Energy Storage. 2021;43:103172. 

[12] Chen K, Ding J, Wang W, Lu J. Shape-stable Bi-Sn-In alloy/Ag/copper foam composite phase 

change material for thermal storage and management. Chemical Engineering Journal. 

2023;454:140087. 

[13] Jafaripour M, Sadrameli SM, Mousavi SAHS, Soleimanpour S. Experimental investigation for 

the thermal management of a coaxial electrical cable system using a form-stable low temperature 

phase change material. Journal of Energy Storage. 2021;44:103450. 

[14] Ryu T-K, Baek S-W, Kang R-H, Jeong K-Y, Jun D-R, Choi S-W. Photodynamic and photothermal 

tumor therapy using phase-change material nanoparticles containing chlorin e6 and nanodiamonds. 



Journal of Controlled Release. 2018;270:237-45. 

[15] Kumar N, Gupta SK, Sharma VK. Application of phase change material for thermal energy 

storage: An overview of recent advances. Materials Today: Proceedings. 2021;44:368-75. 

[16] Wang K, Zhang T, Wang T, Xu C, Ye F, Liao Z. Microencapsulation of high temperature metallic 

phase change materials with SiCN shell. Chemical Engineering Journal. 2022;436:135054. 

[17] Jamekhorshid A, Sadrameli SM, Farid M. A review of microencapsulation methods of phase 

change materials (PCMs) as a thermal energy storage (TES) medium. Renewable and Sustainable 

Energy Reviews. 2014;31:531-42. 

[18] Yang X, Liu Y, Lv Z, Hua Q, Liu L, Wang B, et al. Synthesis of high latent heat lauric acid/silica 

microcapsules by interfacial polymerization method for thermal energy storage. Journal of Energy 

Storage. 2021;33:102059. 

[19] Zhu S, Zou D, Bao J, Ma Q, Wang Y, Hu Y. Synthesis and characterization of a novel high 

durability alloy microcapsule for thermal energy storage. Solar Energy Materials and Solar Cells. 

2021;230:111262. 

[20] Halder S, Wang J, Fang Y, Qian X, Imam MA. Cenosphere-based PCM microcapsules with bio-

inspired coating for thermal energy storage in cementitious materials. Materials Chemistry and 

Physics. 2022;291:126745. 

[21] Sánchez-Silva L, Rodríguez JF, Romero A, Borreguero AM, Carmona M, Sánchez P. 

Microencapsulation of PCMs with a styrene-methyl methacrylate copolymer shell by suspension-like 

polymerisation. Chemical Engineering Journal. 2010;157:216-22. 

[22] Wang Y, Xia TD, Feng HX, Zhang H. Stearic acid/polymethylmethacrylate composite as form-

stable phase change materials for latent heat thermal energy storage. Renewable Energy. 

2011;36:1814-20. 

[23] Wang H, Luo J, Yang Y, Zhao L, Song G, Tang G. Fabrication and characterization of 

microcapsulated phase change materials with an additional function of thermochromic performance. 

Solar Energy. 2016;139:591-8. 

[24] Al-Shannaq R, Farid M, Al-Muhtaseb S, Kurdi J. Emulsion stability and cross-linking of PMMA 

microcapsules containing phase change materials. Solar Energy Materials and Solar Cells. 

2015;132:311-8. 

[25] Zhang S, Feng D, Shi L, Wang L, Jin Y, Tian L, et al. A review of phase change heat transfer in 

shape-stabilized phase change materials (ss-PCMs) based on porous supports for thermal energy 

storage. Renewable and Sustainable Energy Reviews. 2021;135:110127. 

[26] Rehman T-u, Ali HM. Experimental investigation on paraffin wax integrated with copper foam 

based heat sinks for electronic components thermal cooling. International Communications in Heat 

and Mass Transfer. 2018;98:155-62. 

[27] Liu G, Xiao T, Guo J, Wei P, Yang X, Hooman K. Melting and solidification of phase change 

materials in metal foam filled thermal energy storage tank: Evaluation on gradient in pore structure. 

Applied Thermal Engineering. 2022;212:118564. 

[28] Yu XK, Tao YB, He Y, Lv ZC. Preparation and performance characterization of metal 

foam/paraffin/ single-walled carbon nanotube composite phase change material. International Journal 

of Heat and Mass Transfer. 2022;191:122825. 

[29] Chibani A, Dehane A, Merouani S, Bougriou C, Guerraich D. Melting/solidification of phase 

change material in a multi-tube heat exchanger in the presence of metal foam: effect of the geometrical 



configuration of tubes. Energy Storage and Saving. 2022. 

[30] Fan S, Fan Z, Cheng H, Feng M, Wu X, Pan D, et al. Integrated Sn/CNT@NC hierarchical porous 

gas diffusion electrode by phase inversion for electrocatalytic reduction of CO2. Electrochimica Acta. 

2022;403:139584. 

[31] Song J, Li Y, Tong R, Yan Y, Tian Q, Chen J, et al. MnxOy embedded within CNT supporting 

porous carbon for enhanced lithium storage. Journal of Physics and Chemistry of Solids. 

2022;160:110317. 

[32] Zhang J, Narh C, Lv P, Cai Y, Zhou H, Hou X, et al. Preparation of novel form–stable composite 

phase change materials with porous silica nanofibrous mats for thermal storage/retrieval. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects. 2019;570:1-10. 

[33] Zhang Y, Zheng S, Zhu S, Ma J, Sun Z, Farid M. Evaluation of paraffin infiltrated in various 

porous silica matrices as shape-stabilized phase change materials for thermal energy storage. Energy 

Conversion and Management. 2018;171:361-70. 

[34] Xu M, Gao Y, Fang F, Akhtar S, Chaedir BA, Sasmito AP. Experimental and unified mathematical 

frameworks of water-ice phase change for cold thermal energy storage. International Journal of Heat 

and Mass Transfer. 2022;187:122536. 

[35] Qin M, Feaugas O, Zu K. Novel metal-organic framework (MOF) based phase change material 

composite and its impact on building energy consumption. Energy and Buildings. 2022;273:112382. 

[36] Li A, Huang M, Hu D, Tang Z, Xu J, Li Y, et al. Polydopamine-coated metal-organic framework-

based composite phase change materials for photothermal conversion and storage. Chinese Chemical 

Letters. 2022:107916. 

[37] Wang M, Li P, Yu F. Hierarchical porous carbon foam-based phase change composite with 

enhanced loading capacity and thermal conductivity for efficient thermal energy storage. Renewable 

Energy. 2021;172:599-605. 

[38] Yan X, Feng Y, Qiu L, Zhang X. Thermal conductivity and phase change characteristics of 

hierarchical porous diamond/erythritol composite phase change materials. Energy. 2021;233:121158. 

[39] Xiao S, Hu X, Jiang X, Li Q. Enhanced thermal performance of phase change materials supported 

by hierarchical porous carbon modified with polydopamine/nano-Ag for thermal energy storage. 

Journal of Energy Storage. 2022;49:104129. 

[40] Chen K, Yu X, Tian C, Wang J. Preparation and characterization of form-stable 

paraffin/polyurethane composites as phase change materials for thermal energy storage. Energy 

Conversion and Management. 2014;77:13-21. 

[41] Pandey K, Ali SF, Gupta SK, Saikia P, Rakshit D, Saha S. Facile technique to encapsulate phase 

change material in an amphiphilic polymeric matrix for thermal energy storage. Applied Energy. 

2021;292:116917. 

[42] Aramesh M, Shabani B. Metal foams application to enhance the thermal performance of phase 

change materials: A review of experimental studies to understand the mechanisms. Journal of Energy 

Storage. 2022;50:104650. 

[43] Shi J, Du H, Chen Z, Lei S. Review of phase change heat transfer enhancement by metal foam. 

Applied Thermal Engineering. 2023;219:119427. 

[44] Qureshi ZA, Elnajjar E, Al-Ketan O, Al-Rub RA, Al-Omari SB. Heat transfer performance of a 

finned metal foam-phase change material (FMF-PCM) system incorporating triply periodic minimal 

surfaces (TPMS). International Journal of Heat and Mass Transfer. 2021;170:121001. 



[45] Cui W, Si T, Li X, Li X, Lu L, Ma T, et al. Heat transfer analysis of phase change material 

composited with metal foam-fin hybrid structure in inclination container by numerical simulation and 

artificial neural network. Energy Reports. 2022;8:10203-18. 

[46] Sanchouli M, Payan S, Payan A, Nada SA. Investigation of the enhancing thermal performance of 

phase change material in a double-tube heat exchanger using grid annular fins. Case Studies in 

Thermal Engineering. 2022;34:101986. 

[47] Duan J, Peng Z. Numerical investigation of nano-enhanced phase change material melting in the 

3D annular tube with spiral fins. Renewable Energy. 2022;193:251-63. 

[48] Liu L, Zhang X, Lin X. Experimental investigations on the thermal performance and phase 

change hysteresis of low-temperature paraffin/MWCNTs/SDBS nanocomposite via dynamic DSC 

method. Renewable Energy. 2022;187:572-85. 

[49] Du Y, Zhou T, Zhao C, Ding Y. Molecular dynamics simulation on thermal enhancement for 

carbon nano tubes (CNTs) based phase change materials (PCMs). International Journal of Heat and 

Mass Transfer. 2022;182:122017. 

[50] Xu B, Wang B, Zhang C, Zhou J. Synthesis and light-heat conversion performance of hybrid 

particles decorated MWCNTs/paraffin phase change materials. Thermochimica Acta. 2017;652:77-84. 

[51] Abu-Hamdeh NH, Khoshaim A, Alzahrani MA, Hatamleh RI. Study of the flat plate solar 

collector's efficiency for sustainable and renewable energy management in a building by a phase 

change material: Containing paraffin-wax/Graphene and Paraffin-wax/graphene oxide carbon-based 

fluids. Journal of Building Engineering. 2022;57:104804. 

[52] Yan X, Zhao H, Feng Y, Qiu L, Lin L, Zhang X, et al. Excellent heat transfer and phase 

transformation performance of erythritol/graphene composite phase change materials. Composites Part 

B: Engineering. 2022;228:109435. 

[53] Dong Q, Sun B, Dong Z, Tian Y, Zhu H, Yuan G, et al. Construction of highly efficient heat 

conduction channels within expanded graphite/paraffin phase change composites and their 

thermophysical properties. Energy Reports. 2022;8:7071-84. 

[54] Yu XK, Tao YB. Preparation and characterization of paraffin/expanded graphite composite phase 

change materials with high thermal conductivity. International Journal of Heat and Mass Transfer. 

2022;198:123433. 

[55] Wen R, Zhu X, Yang C, Sun Z, Zhang L, Xu Y, et al. A novel composite phase change material 

from lauric acid, nano-Cu and attapulgite: Preparation, characterization and thermal conductivity 

enhancement. Journal of Energy Storage. 2022;46:103921. 

[56] Kohyani MT, Ghasemi B, Raisi A, Aminossadati SM. Melting of cyclohexane–Cu nano-phase 

change material (nano-PCM) in porous medium under magnetic field. Journal of the Taiwan Institute 

of Chemical Engineers. 2017;77:142-51. 

[57] Zhang C, Hu X, Xiao S, Luo W, Wang H, Jiang X. Enhanced thermal performance of phase-

change material supported by nano-Ag coated eggplant-based biological porous carbon. Journal of 

Energy Storage. 2021;43:103174. 

[58] Xiao S, Hu X, Jiang L, Ma Y, Che Y, Zu S, et al. Nano-Ag modified bio-based loofah 

foam/polyethylene glycol composite phase change materials with higher photo-thermal conversion 

efficiency and thermal conductivity. Journal of Energy Storage. 2022;54:105238. 

[59] Han L, Zhang X, Ji J, Ma K. Research progress on the influence of nano-additives on phase 

change materials. Journal of Energy Storage. 2022;55:105807. 



[60] Xu B, Wei Z, Hong X, Zhou Y, Gan S, Shen M. Preparation and characterization of novel 

microencapsulated phase change materials with SiO2/FeOOH as the shell for heat energy storage and 

photocatalysis. Journal of Energy Storage. 2021;43:103251. 

[61] Singh SK, Verma SK, Kumar R. Thermal performance and behavior analysis of SiO2, Al2O3 and 

MgO based nano-enhanced phase-changing materials, latent heat thermal energy storage system. 

Journal of Energy Storage. 2022;48:103977. 

[62] Zou L, Li S, Li L, Ji W, Li Y, Cheng X. Synthesis of TiO2 shell microcapsule-based phase change 

film with thermal energy storage and buffering capabilities. Materials Today Sustainability. 

2022;18:100119. 

[63] Sun X, Yi M, Feng B, Liu R, Sun L, Zhai L, et al. Shape-stabilized composite phase change 

material PEG@TiO2 through in situ encapsulation of PEG into 3D nanoporous TiO2 for thermal 

energy storage. Renewable Energy. 2021;170:27-37. 

[64] Manirathnam AS, Dhanush Manikandan MK, Hari Prakash R, Kamesh Kumar B, Deepan 

Amarnath M. Experimental analysis on solar water heater integrated with Nano composite phase 

change material (SCi and CuO). Materials Today: Proceedings. 2021;37:232-40. 

[65] Hamali W. Modeling of CuO nanomaterial effects on phase change of paraffin using finite 

volume method. Journal of Molecular Liquids. 2022;363:119898. 

[66] Zhang J, Sajadi SM, Chen Y, Tlili I, Fagiry MA. Effects of Al2O3 and TiO2 nanoparticles in 

order to reduce the energy demand in the conventional buildings by integrating the solar collectors and 

phase change materials. Sustainable Energy Technologies and Assessments. 2022;52:102114. 

[67] Tian D, Shi T, Wang X, Liu H, Wang X. Magnetic field-assisted acceleration of energy storage 

based on microencapsulation of phase change material with CaCO3/Fe3O4 composite shell. Journal of 

Energy Storage. 2022;47:103574. 

[68] Kee SY, Munusamy Y, Ong KS. Review of solar water heaters incorporating solid-liquid organic 

phase change materials as thermal storage. Applied Thermal Engineering. 2018;131:455-71. 

[69] Kong L, Li Y, Kong X, Ji Z, Wang X, Zhang X. A novel flexible and fluoride-free 

superhydrophobic thermal energy storage coating for photothermal energy conversion. Composites 

Part B: Engineering. 2022;232:109588. 

[70] Zhang Y, Wang J, Qiu J, Jin X, Umair MM, Lu R, et al. Ag-graphene/PEG composite phase 

change materials for enhancing solar-thermal energy conversion and storage capacity. Applied Energy. 

2019;237:83-90. 

[71] Zhang Y, Li X, Li J, Ma C, Guo L, Meng X. Solar-driven phase change microencapsulation with 

efficient Ti4O7 nanoconverter for latent heat storage. Nano Energy. 2018;53:579-86. 

[72] Colarossi D, Principi P. Yearly performance of a PV-PCM and water storage for domestic hot 

water energy demand. Energy and Buildings. 2022;274:112451. 

[73] WANG Y C. Phase change heat storage heat pump water heater and its key technology research. 

[D]: Zhejiang University, 2006. (in chinese) 

[74] Zou D, Ma X, Liu X, Zheng P, Cai B, Huang J, et al. Experimental research of an air-source heat 

pump water heater using water-PCM for heat storage. Applied Energy. 2017;206:784-92. 

[75] Chaabane M, Mhiri H, Bournot P. Thermal performance of an integrated collector storage solar 

water heater (ICSSWH) with phase change materials (PCM). Energy Conversion and Management. 

2014;78:897-903. 

[76] Wu J, Feng Y, Liu C, Li H. Heat transfer characteristics of an expanded graphite/paraffin PCM-



heat exchanger used in an instantaneous heat pump water heater. Applied Thermal Engineering. 

2018;142:644-55. 

[77] Long J-Y, Zhu D-S. Numerical and experimental study on heat pump water heater with PCM for 

thermal storage. Energy and Buildings. 2008;40:666-72. 

[78] Al-Kayiem HH, Lin SC. Performance evaluation of a solar water heater integrated with a PCM 

nanocomposite TES at various inclinations. Solar Energy. 2014;109:82-92. 

[79] Papadimitratos A, Sobhansarbandi S, Pozdin V, Zakhidov A, Hassanipour F. Evacuated tube solar 

collectors integrated with phase change materials. Solar Energy. 2016;129:10-9. 

[80] Allouhi A, Ait Msaad A, Benzakour Amine M, Saidur R, Mahdaoui M, Kousksou T, et al. 

Optimization of melting and solidification processes of PCM: Application to integrated collector 

storage solar water heaters (ICSSWH). Solar Energy. 2018;171:562-70. 

[81] Li C, Zhang B, Xie B, Zhao X, Chen J, Chen Z, et al. Stearic acid/expanded graphite as a 

composite phase change thermal energy storage material for tankless solar water heater. Sustainable 

Cities and Society. 2019;44:458-64. 

[82] Xie B, Li C, Zhang B, Yang L, Xiao G, Chen J. Evaluation of stearic acid/coconut shell charcoal 

composite phase change thermal energy storage materials for tankless solar water heater. Energy and 

Built Environment. 2020;1:187-98. 

[83] Yang H, Bai Y, Ge C, He L, Liang W, Zhang X. Polyethylene glycol-based phase change 

materials with high photothermal conversion efficiency and shape stability in an aqueous environment 

for solar water heater. Composites Part A: Applied Science and Manufacturing. 2022;154:106778. 

[84] Xue HS. Experimental investigation of a domestic solar water heater with solar collector coupled 

phase-change energy storage. Renewable Energy. 2016;86:257-61. 

[85] YUAN X Y. Research on inorganic hydrated salt phase change thermal storage device for solar 

water heating system [D]: Guangdong University of Technology; 2015. (in chinese) 

[86] WU J H, YANG Z G, WU Q H, et al. Performance study of phase change thermal storage 

materials for heat pump water heaters [J] Journal of Solar Energy. 2011, 32:674-679.(in chinese) 

[87] Kutlu C, Zhang Y, Elmer T, Su Y, Riffat S. A simulation study on performance improvement of 

solar assisted heat pump hot water system by novel controllable crystallization of supercooled PCMs. 

Renewable Energy. 2020;152:601-12. 

[88] Inkeri E, Tynjälä T, Nikku M. Numerical modeling of latent heat thermal energy storage 

integrated with heat pump for domestic hot water production. Applied Thermal Engineering. 

2022;214:118819. 

[89] Wang F, Wang Z, Zheng Y, Lin Z, Hao P, Huan C, et al. Performance investigation of a novel 

frost-free air-source heat pump water heater combined with energy storage and dehumidification. 

Applied Energy. 2015;139:212-9. 

[90] Wang Z, Zheng Y, Wang F, Wang X, Lin Z, Li J, et al. Experimental analysis on a novel frost-free 

air-source heat pump water heater system. Applied Thermal Engineering. 2014;70:808-16. 

[91] Wang Z, Wang F, Wang X, Ma Z, Wu X, Song M. Dynamic character investigation and 

optimization of a novel air-source heat pump system. Applied Thermal Engineering. 2017;111:122-33. 

[92] LI X F, ZOU A G, WU J M, et al. Heat transfer performance study of phase change storage type 

heat pump water heater[J] Guangdong Chemical. 2019;46:47-48.(in chinese) 

[93] Olfian H, Mousavi Ajarostaghi SS, Ebrahimnataj M, Farhadi M, Arıcı M. On the thermal 

performance of evacuated tube solar collector integrated with phase change material. Sustainable 



Energy Technologies and Assessments. 2022;53:102437. 

[94] Ma X, Liu Y, Liu H, Zhang L, Xu B, Xiao F. Fabrication of novel slurry containing graphene 

oxide-modified microencapsulated phase change material for direct absorption solar collector. Solar 

Energy Materials and Solar Cells. 2018;188:73-80. 

[95] HONG Z. Study on energy storage characteristics of storage type water heater containing phase 

change material[D]: Anhui University of Technology; 2019.(in chinese) 

[96] QU R J, ZOU J, WU J. Feasibility study of a new type of domestic electric water heater[J] Tianjin 

Chemical. 2002:41-43.(in chenese) 

[97] ZENG Y. Discussion on the phase change storage type electric water heater[J] China's Strategic 

Emerging Industries. 2017:41-42. (in chenese) 

[98] U L, HE J, LU J L, et al. Study on internal structure optimization and energy storage 

characteristics of electric water heater[J]. Process Engineering Journal. 2021,21:786-793. (in 

chenese)  

 

Submitted:  11.3.2023. 

Revised:      20.3.2023.  

Accepted:    15.5.2023.  


