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A B S T R A C T

Heat pumps (HPs) are promising solutions for sustainable building heating owing to their high efficiency and low 
carbon footprint. However, their performance is often limited by challenges such as defrosting, peak electricity 
demand, and reliance on intermittent renewable sources. Integrating phase change material (PCM)-based ther
mal energy storage (TES) with HP systems has emerged as an effective strategy for overcoming these barriers. 
This review presents a comprehensive analysis of PCM-TES integration with various HP technologies, including 
air-source, ground-source, dual-source, and solar-assisted systems. PCM-based TES enables thermal load shifting, 
enhances operational stability, and shortens the defrosting duration by up to 75 %. This paper discusses the 
optimal PCM selection criteria, TES configurations on both the evaporator and condenser sides, and TES per
formance enhancement methods. Among the reviewed technologies, dual-source and photovoltaic thermal- 
assisted HPs with PCM-TES demonstrated the most potential in terms of energy efficiency and emission reduc
tion. Comparative evaluations highlighted improved system COP, reduced peak energy consumption, and 
enhanced year-round performance. This review provides valuable insights for the development of next- 
generation HP systems and offers guidance for researchers, designers, and policymakers aiming to promote 
low-carbon energy-resilient building technologies.

1. Introduction

The pursuit of thermal comfort in buildings has become increasingly 
significant owing to the global rise in living standards and escalating 
impacts of climate change. As the population demands higher indoor 
environmental quality, especially in regions with extreme climates, 
energy consumption for space heating and cooling has surged. To meet 
this demand, fossil fuels have been extensively exploited, which has 
resulted in substantial greenhouse gas emissions and accelerated envi
ronmental degradation [1]. According to recent global energy statistics, 
the building sector accounts for approximately 40 % of the world’s total 
energy consumption [2], with residential space heating and cooling 
accounting for nearly 61 % of this energy use [3]. These trends under
score the urgent need to decarbonize building energy systems and 
enhance energy efficiency as part of the global strategies to mitigate 
climate change [4].

Hence, heat pump (HP) technology has gained attention as a sus
tainable alternative to conventional heating systems such as gas-fired 

boilers and electric resistance heaters, which are typically powered by 
fossil fuels [5]. A heat pump is an energy-efficient device that transfers 
heat from a low-temperature source to a high-temperature sink using 
minimal electrical energy input [6]. Unlike traditional 
combustion-based systems, HPs do not directly burn fuel to generate 
heat and their operation results in significantly lower carbon emissions, 
positioning them as a crucial technology for achieving carbon-neutral 
goals in the building sector.

HPs can be broadly classified into two categories based on their 
driving energy sources: electrically and thermally driven heat pumps 
[7]. Electrically driven HPs utilize electricity to operate a compressor, 
enabling efficient heat transfer via vapor-compression cycles. These 
systems have been widely adopted in both residential and commercial 
settings owing to their compact design, operational reliability, and 
relatively simple maintenance requirements [8]. In the aspect of energy 
efficiency and carbon emissions, electrically driven HPs offer superior 
energy efficiency and lower carbon footprints as compared with 
electric-resistant heating and other boiler conventional heating methods 
as given in Table 1. In contrast to traditional heating systems like electric 
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heating (36 % energy efficiency, 0.4 kg CO2/kWh carbon emission) and 
gas fired boilers (80 % energy efficiency, 0.24 kg CO2/kWh carbon 
emission), electrically driven HP achieved significantly higher energy 
efficiency (up to 250 %) and lower carbon emissions (0.19 kg 
CO2/kWh), respectively [9,10].

However, their heavy reliance on electricity poses a challenge to 
power grid stability, particularly during peak demand periods in the 
cold seasons [11]. Heat pumps that run on electricity generated by 
renewable energy sources reduce emissions more significantly than 
those that run on electricity generated by conventional fuels.

1.1. Heat pump (HP) working

An electric compression HP is a device that employs a refrigeration 
cycle to transfer heat from one source to another. Heat generally moves 
from higher to lower temperatures, but an HP functions as a “pump" to 
transport the heat in the reverse direction. Therefore, an HP can be 
utilized for both air conditioning in the summer and space heating in the 
winter [12]. The HP components include: an evaporator, a condenser, a 
compressor, and an expansion valve. A refrigerant, often referred to as 
the “working fluid," receives heat from heat sources (ambient air) 
through the evaporator turned into a vapor form and this vapor refrig
erant is compressed in a compressor to a high temperature and pressure. 
Subsequently, a high-pressure, high-temperature refrigerant enters the 
condenser to deliver heat to the building space heat applications. 
Finally, the refrigerant returned to its original state by passing or 
expanding through the expansion valve [13]. Similarly, when the 
operation of the heat pump is altered for cooling in summer, the indoor 
coil acts as an evaporator that absorbs heat from the space to be cooled, 

and this heat is then discharged to the outside via the condenser [14]. An 
HP generally operates under a vapor compressor cycle, and its perfor
mance is determined by the quantity of heat energy delivered to the 
amount of energy consumed as an input. The COP was used to quantify 
the HP performance and was determined using Eq. (1) [15], which is the 
ratio of the energy output Q (heating or cooling output) to the electric 
energy input W consumed by the compressor and auxiliary pumps. 

COP=
Q
W

(1) 

Furthermore, HPs are classified based on their thermal sources: air 
source heat pipes (ASHP), water source heat pumps (WSHP), solar- 
assisted heat pumps (SAHP), waste heat source heat pumps (WHSHP), 
and ground source heat pumps (GSHP) [16], as shown in Fig. 1. Based on 
the temperature range, the HPs are categorized into low (<60 ◦C), me
dium (60–100 ◦C) and high temperature HPs (>200 ◦C) [17]. Currently, 
low- and medium-temperature HPs are the most widely employed and 
mature technologies on the market. High-temperature HPs are in the 
development phase, and their development will ensure the utilization of 
high-grade thermal energy in industrial applications [18].

Other than the vapor compression HP, there is a thermally driven HP 
such as sorption HP which utilizes thermal energy, often sourced from 
renewable sources or waste heat for the operation. Sorption technology 
is categorized into absorption and adsorption, which can be used in 
thermal driven HPs. Absorption HP also comprises of four components 
like the vapor compressor HP and only the electrical driven compressor 
is replaced with the thermal compressor. The absorber and generator 
together referred to as a thermal compressor. The evaporator absorbs 
low grade heat from thermal sources turned into a form as a vapor 
refrigerant (ammonia) and then supplied to the absorber. In the 
absorber, vapor refrigerant is mixed with absorbent solution (lithium 
bromide) to form as a rich solution and this solution is pumped to the 
generator through the pump. The generator receives heat from solar 
thermal or waste heat to generate high temperature refrigerant vapor as 
well as to separate from the bromide solution which has a higher boiling 
point. This high temperature vapor flows to condenser for transferring 
the heat to the building applications and then the condensed refrigerant 
flows through the expansion valve to drop the temperature as well as 
pressure and move to the evaporator. Further, the weak solution bro
mide is returned to the absorber for absorbing the ammonia refrigerant 
coming from the evaporator and this cycle repeats [19]. The adsorption 
HP working principle is also similar to the absorption HP and the only 
difference is the absorbent materials. The solid adsorbent material 
(activated carbon or silica gel) in the absorber bed is used for absorbing 
and desorbing the refrigerant, instead of generator and absorber in ab
sorption HP, which has a liquid absorbent material [20].

While these systems have the advantages of reduced electricity 
dependence and lower environmental impact, they typically exhibit 
lower coefficients of performance (COP) and require a larger physical 
space owing to their design complexity [21]. Nonetheless, thermally 
driven HPs are receiving renewed interest, particularly in off-grid or 
renewable-integrated systems, where their independence from electrical 
infrastructure has become advantageous [22]. According to the research 
studies, HP has emerged as a promising alternative to conventional 
building heating systems because of its higher energy efficiency and less 
carbon impact. However, despite their advantages, the conventional HPs 
persists certain challenges that include frost formation, seasonal per
formance fluctuation, energy supply-demand imbalance, and intermit
tency of renewable sources. These challenges restrict the potential of 
widespread in large-scale systems, resilient and cost-effective heating 
decarbonization. The operational stability and economic feasibility of all 
HP systems are also impacted by dynamic loads, shifting occupancy 
trends, and varying electricity pricing. In order to solve these problems, 
researchers developed a thermal energy storage (TES) technology that 
may be used in conjunction with HP to minimize or eliminate those 
problems.

Abbreviations

ASHP Air source heat pump
COP Co-efficient of performance
DCS Data centers
GHEs Ground heat exchangers
GSHP Ground source heat pump
HP Heat pump
HTF Heat transfer fluid
LCC Life cycle cost
LTES Latent thermal energy storage
NGSH Natural gas heating
PCM Phase change material
PEC Primary energy consumption
PVT Photovoltaic thermal
SA Solar assisted
SSHP Sewage source heat pump
SAHP Solar assisted heat pump
TES Thermal energy storage
WSHP Water source heat pump
WHSHP Waste heat source heat pump

Table 1 
Comparison of different heating systems with energy efficiency and carbon 
emissions [9,10].

No Heating systems Energy efficiency Co2 emissions (kg Co2/kwh)

1 Electric heating 0.36 0.40
2 Coal fired boiler 0.70 0.49
3 Gas-oil fired boiler 0.80 0.35
4 LPG fired boiler 0.80 0.31
5 Natural gas boiler 0.80 0.24
6 Electric driven HP 2.50 0.19
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This study explored the integration of phase change material (PCM)- 
based thermal energy storage (TES) with various heat pump configu
rations. While previous research has primarily focused on individual HP 
types (e.g., air-source or solar-assisted) and limited placement strate
gies. Existing reviews in this field have often concentrated on HP inte
gration with TES systems and their performance metrices, however they 
have not provided significant insights into PCM-based TES systems or 
the related emerging technologies and their real-time issues for perfor
mance enhancement. Most of the existing reviews have not cover ho
listic energy, economic, and environmental perspectives, which is an 
important factor for commercialization and sustainability. Thus, this 
study aims to expand beyond a conventional descriptive study of liter
ature by methodically examining various HP systems that are integrated 
with PCM-TES, comparing and contrasting their advantages and disad
vantages, finding gaps, and projecting possible future directions.

Generally. commercial HP requires electric energy as an input to 
operate the system, and this energy supply and demand will always be 
imbalanced according to time and season [23]. Large-scale heat pump 
installations may increase dependency on fossil-fuel power plants by 
causing electrical networks under a lot of stress, particularly during 
concurrent cold-weather peak times. By combining TES systems with 
HPs have a significant potential to decouple energy generation from 
thermal demand, that allows demand side control, peak shaving and 
flexibility in operation. Therefore, TES and demand response [24] may 
be implemented to reduce the peak electricity demand [25] and the 
utilization of less expensive non-peak electricity leads to a reduction in 
grid power loss and economic costs., Furthermore, the energy for HP 
may be derived from electricity generated through renewable energy 
sources, which is intermittent in nature and varies with time [26]. 
Moreover, to reduce the peak load demand on the grid and ensure a 
constant supply of heat from renewable energy sources, integration or 
coupling of the TES system to the heat pump will be a viable solution 

[27].
The TES can stock energy during a nonpeak load or sunny day, and 

the stored energy can be retrieved during the peak load period or on a 
non-sunny day [28]. Furthermore, the integration of TES demonstrates 
load shifts and may improve the heat output to meet the thermal de
mand without the need for additional HPs [29].

TES is an energy-conservation technology that includes sensible heat 
storage, latent heat storage, and thermochemical storage [30]. Sensible 
storage reserves the thermal energy by raising the temperature of stor
age material without undergoing any phase change during the energy 
supply and recovery processes. Sensible storage is the most mature and 
simple technology, but the applications are limited due to the minimal 
energy storage density and rapid temperature decrement [31]. 
Thermo-chemical storage reserves the thermal energy through revers
ible chemical reactions and undergoes chemical reactions during 
charging and discharging of energy. This storage system is in its initial 
stage and significant research is required for real time applications [32]. 
The latent storage system accumulates the thermal energy in the storage 
material by changing the phase of the material during both the energy 
supply and recovery processes. Therefore, materials used to store energy 
in these systems are known as phase change materials (PCM). Latent 
heat storage has received significant attention and has great potential in 
various applications, such as heat pumps [33], electronic cooling [34], 
thermal management of batteries [35], and building cooling [36]. PCMs 
utilized in latent TES exhibit a higher energy storage density and lower 
temperature swings during the heat storage or release process compared 
with sensible storage [37]. These benefits make PCM a possible choice 
for combing with HPs that can meet thermal demands and operate at 
constant-temperature conditions.

To limit the review, only vapor-compression HPs are considered as 
the main focus area of this study, because of their substantial adaptation 
rate, commercial development, and predominant share in building 

Fig. 1. Classification of heat pumps based on driven energy and thermal source.

C. Suresh et al.                                                                                                                                                                                                                                  Renewable and Sustainable Energy Reviews 226 (2026) 116197 

3 



applications for heating. Therefore, the scope of the present study is 
limited to various vapor compression HPs coupled with PCM based TES 
for building heating applications. Even though sorption HP is outside the 
current scope of review, a thorough analysis of PCM-TES integration 
with thermally powered or sorption HP is noted as an important focused 
area for future study. To explore the significance of vapor compression 
HP-coupled PCM-based TES, a comprehensive bibliographic assessment 
of the advancements in this field of research was conducted. The Scopus 
database was used for executing the search analysis with keywords as 
“heat pumps, heat pumps with thermal energy storage and heat pumps 
with PCM or latent thermal storage.” The abstracts, keywords, and titles 
of publications were considered in the search analysis to identify rele
vant articles. Based on the analysis, 49361 articles for HPs, 3982 for HP 
with TES, and 573 for HP with PCM or LTES, as shown in Fig. 2 (a). 
Furthermore, Fig. 2 (b) depicts the percentage share, which was 
observed to be 92 %, 7 %, and 1 % for HPs, HP-TES, HP-PCM, and LTES, 
respectively. From 2015, there has been a significant growth in HP-TES, 
and a gradual increase was observed in HP-PCM or LTES as shown in 
Fig. 2 (a).

From these, it was reported that significant research has been con
ducted on HP-TES and proved that HP-coupled TES systems are a 
promising approach for the sustainable heating of buildings with 
enhanced performance, consistent heat sources from renewable energy, 
and energy savings with reduced carbon emissions. Based on the per
centage share of articles, there is a lack of significant research on HP 
coupled with PCM-based TES systems.

The main objective of this study is to provide a systematic overview 
of various thermal-source HPs, with a special emphasis on their inte
gration into PCM-based TES systems. The paper is structured as follows 
by covering detailed aspects: a) operational mechanism of HP and their 
classifications based on various thermal sources, b) problems of con
ventional HP and significance of HP coupled to PCM-based TES associ
ated with PCM selection criteria, c) integration of PCM on HP 
evaporators and condensers with their benefits, d) coupling of PCM- 
based TES to various thermal source HPs with potential benefits and 
challenges as well as emerging performance-enhanced TES technologies 
for HPs, e) emerging PCM based TES technologies to enhance perfor
mance energy, f) energy, economic, and environmental analysis for clear 
understating of the systems and commercialization, and g) conclusions 
with future directions. This study provides valuable insights for scien
tists, researchers, and policymakers for a roadmap of future advance
ments, clear understanding, and innovative technology for the 
commercialization of sustainable HP systems for building heating 
applications.

2. PCMs for heat pumps (HPs)

PCM s exhibits greater energy storage density and latent heat, that 

enables more compact TES devices. These characteristics allow for HP 
integration, which stabilizes source or sink temperatures and shifts de
mand load. PCMs are classified into the solid–solid, solid–liquid, and 
liquid phases according to their phase transition. Among these, solid
–liquid PCMs are widely employed and are practically reliable because 
of the lower change in volume during the phase change and constant 
temperature with higher energy storage [39]. Fig. 3 shows the typical 
solid–liquid phase change during heat storage or the release phenome
non of the PCM [40]. However, solid–solid PCM have lower energy 
storage, and liquid-gas PCM require large containers owing to the 
greater change in volume during the phase transition [41]. Therefore, 
solid–liquid PCM are primarily considered for all thermal applications 
[42].

According to their chemical compositions, PCMs are generally 
categorized into three types: organic, inorganic, and eutectic, as shown 
in Fig. 4 (a). Organic PCMs are chemically and thermally stable, possess 
a high storage capacity, and are readily available on the market [43]. 
Owing to these advantages, paraffin-embedded organic PCM have 
drawn significant interest and are widely used in thermal applications. 
However, organic PCMs exhibit poor thermal conductivities, generally 
ranging from 0.1 to 0.35 w/mK [44]. Thermal conductivity is the main 
property that reflects heat transfer, and poor thermal conductivity leads 
to reduced heat transfer, a lower thermal storage rate, and a lower COP 
of HPs. To overcome this drawback, numerous researchers have 
implemented various approaches, including composite PCMs, encapsu
lations, metal foams, fins, and nanoparticles [45–48]. The introduction 
of metal foams, fins, and cascade PCMs has received increasing attention 
owing to their greater heat transfer enhancement [49,50].

Furthermore, inorganic PCMs, including salt hydrates, chlorides, and 
metallics, are primarily utilized for medium-temperature applications. 
Inorganic PCMs exhibit better thermal conductivity, specific heat, 
thermal stability, nontoxicity, and low costs. However, there are issues 
associated with corrosion, phase segregation, and supercooling [51]. 
The addition of thickening or nucleating chemicals to inorganic PCM is a 
standard solution to the supercooling and phase separation issues. 
Appropriate encapsulation techniques such as microencapsulation, 

Fig. 2. Research publications a) trend of HP technology (2000–2024) b) Percentage share [38].

Fig. 3. Phase change phenomenon of PCM heat storage and release [40].
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shape stabilization, and ceramic materials can address the issue of 
container corrosion [52]. Eutectic PCMs are a mixture of two PCMs like 
organic–inorganic and inorganic-inorganic PCMs. Eutectic PCMs are not 
practically mature, and there is a lack of a property database for these 
PCMs [53]. Although there are many different types of PCM in the 
market, it is crucial to choose the best PCM for a particular application. 
Therefore, PCMs should be carefully selected, depending primarily on 
the operational temperature of the HP, end-user applications, and 
chemical characteristics. According to research study, a PCM should 
have a melting temperature of 45 ◦C as the condenser temperature range 
between 50 and 40 ◦C [54]. The phase transition temperature of a PCM 
should be configured between 45 and 50 ◦C as maximum HP outlet 
temperature corresponds to 55 ◦C and consumers demand hot water at 
45 ◦C [55]. This indicates that the optimal phase transitional tempera
ture of the PCM can be lower than the maximum condensing tempera
ture of the HP and equal to or greater than the HTF temperature for end 
use. Thus, identifying the appropriate PCM phase change temperature is 
crucial to maximize the TES storage unit utilization.

The selection criteria for the PCMs from various aspects of the HPs 
are shown in Fig. 5 [56,57]. Fig. 4 (b) summarizes the PCMs phase 
change temperatures that can be utilized in HP under different operating 

temperatures as well as the share of various PCM categories that exist in 
the literature. Even though phase change temperature is unquestionably 
a critical component in ensuring compliance with the thermal applica
tions, the concept of “optimal" selection inherently considers a wide 
spectrum of characteristics. In addition to practical considerations like 
price, availability, and environmental impact, these include PCM 
thermo-physical properties like thermal conductivity (which influences 
heat transfer rates), chemical stability, compatibility of encapsulating 
materials, cycle durability, and latent heat capacity (which establishes 
the energy storage capacity A thorough evaluation that achieves a bal
ance between these associated characteristics results in a really optimal 
PCM selection, which is required to provide better performance and 
dependability under real-world operating conditions. Hirschey et al. 
[58] compared the characteristics of salt hydrates with those of paraffin 
in the same temperature range. According to the findings, salt hydrates 
having a melting temperature above 20 ◦C possess greater thermal en
ergy densities of 45–120 kWh/m3 and lower capacity cost of 1–20 
$/kWh, whereas as, paraffin has lower energy density and higher ca
pacity cost of 45–60 kWh/m3 and 20–30 $/kWh, respectively. For spe
cific applications, paraffins and salt hydrates must be compared in terms 
of thermal cycling, stability, congruency, corrosion, and supercooling. 

Fig. 4. a) Classification of Solid-liquid PCMs b) Application of various PCMs to HPs [59].

Fig. 5. Schematic representing the PCM selection criteria for HPs [57].
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Based on the share percentage of PCMs in HP applications, as depicted in 
Fig. 4 (b), and the characteristics of different PCMs, paraffin, fatty acids, 
and salt hydrates are considered as the most suitable PCMs because of 
their low and moderate costs, as well as commercial HPs operating at 
low and medium temperatures. Further, Table .2 provides various PCMs 
that have been employed in HP coupled PCM based TESs.

Despite the fact that several PCM formulations have been proven at 
the laboratory scale, there are still many obstacles in the way of their 
actual use in HP coupling. First, most organic PCMs are ineffective 
because of their limited heat conductivity until they are improved by 
fins, metal matrices, or nanoparticles, which increase complexity and 
expense. Second, actual building heating systems require steady per
formance across several thousand cycles, but the long-term cycling 
durability of PCMs is restricted to a few or hundred cycles. Third, 
recurrent freezing-melting issues with salt hydrates and eutectics, such 
as sub-cooling and separation, might hinder thermal performance. 
Therefore, these issues need to be thoroughly investigated before 
adopting and to improve the performance. Standard testing procedures 
for PCM-TES durability and safety, as well as reliable production tech
niques for scalable PCM encapsulation, are also desperately needed. 
Without these developments, PCM-based TES would have difficulty in 
meeting commercial and policy goals for achieving reliable and sus
tainable heating.

2.1. Significance of HP combined with the PCM based TES

Numerous experimental and modeling studies and technological 
optimizations have been conducted to improve the heating/cooling 
performance and potential of vapor-compression HPs with various 
thermal sources. These include heat exchange design optimization [71], 
strategic planning [72], a multistage cycle [73], heat transfer augmen
tation [74], a nanofluid refrigerants [75], and compressor improvement 
[76]. Despite these performance-improvement techniques, conventional 
HPs with various single thermal sources for heating, cooling, and water 
heating have technical limitations [77,78]. Their year-round opera
tional behavior appeared to be unsatisfactory.

The coupling of PCM-based TES to HPs has significant potential for 
solving the year-round problem because it allows for a higher percent
age of energy-source usage and reduces carbon emissions [79]. The 
advantages of integrating HPs with latent heat storage systems include 
lowering power costs, enhancing HP performance, avoiding oscillatory 
operations, and enabling an HP to run throughout the year at maximum 
capacity [80]. Seasonal TES has the potential to enhance the perfor
mance of HP district heating and establish it as a viable alternative to DH 
supply [81,82]. The application of HP for space and domestic heating 
requirements in different seasons using different approaches is depicted 

in Fig. 6. The space heating and domestic hot water requirements vary 
according to the seasons. An overview of the annual heating re
quirements for residential buildings provided by a district heating 
network under the conventional approach is displayed in Fig. 6 (a). The 
introduction of energy-efficient heating systems and renovated or 
modernized buildings has resulted in lower heating requirements, as 
shown in Fig. 6 (b). Furthermore, Fig. 6 (c) illustrates that the intro
duction of renewable energy sources into the heating network reduces 
and shortens the heating requirements for building comfort. Compared 
to Fig. 6 (b), the summer heating requirements were both shortened and 
decreased. Owing to the lowest heating demand in summer, solar col
lectors are the most preferable method for driving district heating net
works and can also incorporate solar TES. This approach lowers 
greenhouse gas emissions and increases the share of renewable energy 
sources. The heat pump utilizes multiple sources as heat inputs through 
renewable energy sources and a small amount of supplemental heat 
from fossil fuels. Finally, Fig. 6 (d) illustrates the heating demand for 
district heating, which is supplied by the HP in conjunction with 
renewable energy sources and seasonal TES. In this instance, the heat 
pump unit runs in tandem with renewable energy sources using multiple 
heat sources and avoids the need for fossil fuels. Seasonal TES supports 
the heat pump during winter to operate at the maximum thermal ca
pacity with a high seasonal performance factor throughout the year. 
Therefore, it is evident that TES coupled with an HP may significantly 
improve the stability of district heating system operations and reduce 
energy consumption.

2.2. Integration configuration of PCM based TES to the HP

There are multiple options or configurations for connecting PCM- 
based TES to HP, such as PCM on the evaporator side for defrosting 
[84] and the stabilized heat source [85], and PCM on the condenser side 
for demand-side management or demand load shifting [86].

2.2.1. PCM on condenser side
When the consumer heat demand is intermittent or the HP supply 

cannot keep up with the peak demand, PCM storage can be used as a 
backup source of heat. Because the PCM is positioned on the condenser 
side, the condenser either dissipates excess heat or stores it straight in 
the PCM, utilizing inexpensive power during periods of low demand and 
charges for building heating for later use [87]. Ouhammou et al. [88] 
investigated the heat storage performance from the heat obtained 
through a condenser HP under different conditions. The findings showed 
that increasing the condenser power from 5 to 15 kW considerably 
shortened the PCM charging time by 66 %. PCM having a melting 
temperature of 44 ◦C is more suitable for the system. In contrast to 

Table 2 
PCMs utilized in HP integration and their characteristics.

PCM Heat Pump 
Type

Phase transition 
Temp (◦C)

Density (kg/m3) 
(solid/liquid)

Thermal Conductivity (W/m⋅K) 
(solid/liquid)

Latent Heat 
(kJ/kg)

Specific Heat (kJ/kg⋅K) 
(solid/liquid)

Ref

Paraffin wax (RT5HC) ASH 5–6 880/763 0.2 245 2.45 [60]
Paraffin wax 

(RT11HC)
SAHP 11 870 0.2 220 2.2 [61]

Rubitherm SAHP 31/35/40 789/750 0.18/0.19 170–210 1.8/2.4 [62]
Paraffin wax GSHP 40–44 785 0.2 240 2.2 [63]
Paraffin wax SAHP 46.8 940 0.29 212 3.41 [64]
Salt hydrate-based 

composite
ASHP 47.3–51.4 1320 0.8 218 1.65 [65]

Hydrated salt ASHP 48 1600/1666 0.45/0.45 170 2.4/2.4 [66]
Paraffin wax þ

graphite
ASHP 52–54 605 0.85 210 2.4 [67]

Paraffin þ expanded 
graphite

SAHP 53 920 0.8 204 2.1 [68]

A58H þ paraffin wax ASHP +
GHP

54–58 839/772 0.25/0.22 243 2.1/1.8 [69]

Myristic acid GSHP 54 844 1.6/2.7 187 – [70]
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conventional sensible storage media, the PCM is the most suitable 
storage medium for coupled HP-TES because it lowers the electricity 
usage of the compressor and increases the system energy efficiency. The 
HP may be turned off during extremely cold climates, which would raise 
the load peak owing to the additional electrical heating requirement to 
meet the demand. PCM on the condenser side can reduce the demand on 
the electrical network by shifting the heat production from the peak 
time. The utilization of a PCM with a higher thermal storage density 
would minimize the space occupied by the storage unit and would be 
economical.

2.2.2. PCM on evaporator side
Heat pump effectiveness decreases during the night and in cold cli

matic conditions because of a decline in the evaporation temperature. To 
maintain the HP’s constant operating temperature at night or on cold 
days, the PCM should be positioned between the solar thermal collector 
and the evaporator side, which leads to a steady-temperature heat 
source [89]. Thus, the evaporator receives continuous energy without 
any interruption, and the energy source is renewable [90]. This allows 
the efficient utilization of energy; minimum energy fluctuations and 
stabilization of the evaporator temperature may significantly enhance 
the system performance and improve the operational stability of HP in 
cold regions [67]. The benefits of this technology include the ability to 
utilize direct heat from solar collectors for end users and enhance HP 
evaporation conditions. Yosuf et al. [91] developed an ASHP coupled 
with a solar thermal system with PCM-based storage to store excess 
thermal energy during a low-demand period or sunny times and release 
it during the required period. Compared with the system without PCM 
storage, the average COP of the ASHP system with PCM storage 
increased by 6.1 % and 14.0 % on sunny and cloudy days, respectively, 
demonstrating the ability of the system to efficiently meet the daily hot 
water demand of the home. A similar study was performed by Zhu et al. 
[92], and results demonstrated that electricity consumption was 
approximately 72.8 % of that of an HP alone, and its daily operating 
costs were only 41.2 % of that of an HP alone, with an average COP of 
3.79. Li et al. [93] investigated an SAHP with a phase-change slurry that 
acted as a heat storage or release medium and heat transfer fluid (HTF) 
for the photovoltaic thermal (PVT) panel to the HP evaporator loop. The 
phase-change slurry exhibited greater latent heat, which improved cycle 
stability and efficiency. The combination of the phase-change slurry on 
the evaporator-side of HP exhibited a decreased compression and pump 
power, resulting in an average COP of 4.67, respectively. Using a 
phase-change slurry as the working and storage medium, a stable 

high-temperature heat source was produced, which improved the heat 
exchange in the evaporator and increased the efficiency of the HP cycle.

Frost formation on HPs is also a major issue that results in a reduction 
in performance and higher energy consumption. Frost may accumulate 
on the evaporator side, because its surface temperature is lower than the 
freezing and dew points of the surrounding humid air [94]. Frost for
mation on the heat exchange surface increases its heat resistance and 
reduces its heat transfer ability, and the continuous buildup of ice can 
impede the airflow between the coils. This resulted in a drop in the 
evaporator temperature, which could hamper the HPs performance and 
enhance power consumption [95]. Therefore, defrosting should be 
performed on the evaporator heat exchanger to enhance performance 
and reduce compressor power [96]. The most common defrosting 
methods are electric resistance heaters, which drastically increase 
electricity costs, and the hot gas defrosting method, which reverses the 
HP cycle, reduces the room comfort level, and negatively impacts per
formance [97]. Thus, to reduce the energy consumption for defrosting, 
PCM can also be employed in the evaporator side to defrost the HP [98]. 
A PCM-based defrosting technique can shorten the defrosting process, 
minimize temperature swings in the room, accelerate the restoration of 
space heating, and improve the operational stability of defrosting [99]. 
Chan et al. [100] investigated three different defrosting technologies: 
reverse HP cycle, hot-gas bypass, and PMC-based energy storage 
defrosting. The results demonstrated that PCM-based defrosting 
exhibited superior performance compared to the two conventional 
defrosting techniques. PCM defrosting exhibited a shorter defrosting 
time, which was 75 % and 53 % of the reverse cycle and hot-gas bypass, 
respectively. The PCM-based defrosting system successfully lowered the 
energy consumption required for the defrosting process because the 
defrosting and heat recovery times were shorter than those of the other 
two defrosting methods. Xu et al. [101] investigated PCM-based 
defrosting and compared it with a conventional method. The results 
showed that the use of a PCM storage unit reduced the overall energy 
required for defrosting by 13.9 %. In the meantime, the compressor 
defrosting power consumption dropped by 55.8 %, about 396.3 
kJ–175.1 kJ, respectively. Therefore, the PCM-based defrosting method 
may be a suitable option for HP defrosting with a lower energy 
consumption.

According to available research, condenser-side PCM-TES stabilized 
the supply temperatures and lessened compressor cycling, which in lab 
conditions can result in COP increases of 10 %–30 %. Further, the PCM 
at the evaporator side has a great promise in reducing the fluctuation of 
evaporator temperature, effect of frost and number of defrost cycles. 

Fig. 6. Schematic representing heating requirement curve for HP connection and operation for district heating under different seasons [83].
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Nevertheless, poor PCM thermal conductivity, which limits the rate of 
energy exchange, is a common barrier for both strategies. Although 
solutions like metallic foams and PCMs augmented with nanoparticles 
have been suggested, their commercial viability is still restricted, and 
the financial implications have not been thoroughly examined. Thus, in 
order to make the system economical and suitable for commercial use, 
researchers need concentrate on these areas.

3. Coupling of PCM based TES to the various thermal source 
vapor compression HPs

3.1. Air-source heat pump (ASHP) with the integration of TES

ASHP delivers heat from low-temperature outdoor air by upgrading 
the heat process to an indoor environment for space heating of buildings, 
which is three to five times more effective than electrical heating [102]. 
Ruan et al. [103] evaluated the performance of an ASHP water-heating 
system under different operating conditions. It was found that the 
exergy efficiencies of the compressor and condenser improved with an 
increase in the air temperature of the evaporator, and an increase in the 
air flow rate at the inlet of the evaporator resulted in a decrease in the 
exergy efficiencies of the evaporator and compressor. Hence, efficiency 
of ASHP mainly depends on the outdoor and indoor temperatures, the 
greater the difference, the lower the performance. The system’s per
formance would be hampered by operating HP under low temperatures 
i.e., below − 20 ◦C and their performance will be lowered by 45 % as 
compared to the system operating under moderate temperatures [104]. 
In addition to having a reduced efficiency, the exterior surface of the 
evaporator coil can experience temperatures below the freezing point of 
water.

Moreover, heat generation was enhanced with an increase in hu
midity, and as the humidity level exceeded 70–90 %, a further decrease 
in heat generation was observed in the system. Furthermore, elevated 
levels of outside humidity have the potential to form ice and water 
condensation [105], which results in diminished heat transfer because 
frost reduces thermal conductivity. The accumulation of frost may also 
lower the airflow rate through the fins, hindering the performance of the 
evaporator [106]. Owing to the lower heat transfer, the HP was forced to 
operate under reduced saturation pressure with the evaporator. This 
may affect the superheating levels, allowing liquid into the compressor 
and resulting in the shutting down of the HP [107]. Based on these 
discussions, it was concluded that air temperature, relative humidity, 
and mass flow rate play a significant role in the HP performance of the 
system.

Therefore, the application of ASHP has been limited to low- 
temperature environmental conditions because of their higher 
compression ratios and decreased heating capability [108]. Numerous 
advanced technologies, such as ejector-improved vapor injections, 
multistage compressors, and cascades, have been proposed to enhance 
performance in cold regions [109,110]. Many advanced ASHP systems 
have been proposed to enhance the efficiency of ASHP in cold envi
ronments. These technologies can enhance the heating performance to 
some extent, but they also have difficulties that require attention. 
Combining TES with an ASHP is a promising approach to overcome the 
abovementioned issues [111,112].

ASHP based water heating systems have attracted significant interest 
in recent years because of several benefits, including lower maintenance 
costs, quick installation, high efficiency, and zero waste gas. However, it 
has certain issues, including longer heating times and rising hot water 
demands, which increase the demand for TES capacity and performance 
factor. Therefore, the introduction of TES to ASHP water heating can 
preheat cold water and shorten the heating duration. Long and Zhu 
[113] studied a PCM TES combined with an ASHP water-heating system 
to supply domestic hot water during an off-peak electricity period. A 
paraffin PCM with a melting temperature of 56 ◦C was used for storing 
energy. The refrigerant receives heat from air through an evaporator and 

compresses it using inexpensive off-peak electricity to form a vaporized 
refrigerant. Furthermore, the heat absorbed by the refrigerant after 
compression was released into the PCM through the condenser. The heat 
stored in the PCM was released to increase the water temperature during 
peak demand periods, as shown in Fig. 7. Compared with 
electric-resistant water heaters, PCM-powered water heating, which 
uses off-peak energy, is far more efficient and requires less space than an 
ASHP water heating system with a water tank. The average COP of the 
system was significantly greater than 3.08, making it a viable choice.

Wu et al. [114] developed an ASHP combined with a water storage 
tank to improve operational efficiency at lower ambient temperatures. 
The operation of the system involves charging the water storage tank 
through ASHP during daytime and turning off the ASHP while dis
charging the thermal energy that has been stored in the storage tank at 
night. This strategy implies that ASHPs would always run at higher 
ambient temperatures and turn off at lower temperatures. The observed 
findings showed that the average daily indoor temperature ranged from 
21.0 ◦C to 23.0 ◦C, while the average daily outside temperature varied 
from − 9.3 ◦C to 11.3 ◦C. In the mixed operating strategy, the ASHP 
operation period was shorter than that in the conventional continuous 
operational mode. The water TES tank heating system improved the 
lower-temperature operating conditions of the ASHP by supplemental 
heating of the building during the coldest periods of the day. It was 
found to successfully address the problem of the decreased COP and 
heating capacity of ASHPs at lower ambient temperatures.

Lin et al. [64] designed and experimentally investigated the perfor
mance of an ASHP coupled with a TES under different design and 
operating parameters. To enhance the system performance in cold cli
mates, a heat exchanger-based TES connected to a condenser is being 
developed. Furthermore, based on the simulation findings, the melting 
rate of PCM was accelerated by both increasing the fin thickness and 
decreasing the fin pitch, although the tube diameter modifications had a 
minimal effect. The water flow rate must be increased to achieve high 
release power during the discharging period of the TES. Furthermore, 
the cascade PCM TES has a 10.08 % shorter charging time and a 4.01 % 
enhancement in COP compared to the single-PCM TES, and their sche
matic is shown in Fig. 8. It was concluded that combining an ASHP with 
a TES is an effective way to increase its utilization at extremely low 
temperatures.

Shan et al. [115] proposed a latent TES system coupled with the 
ASHP of a hydronic radiator return line to shift the peak loads. Thermal 
energy is stored during off-peak demand periods, and the stored energy 
is retrieved to preheat the incoming air of the evaporator through the 
TES system during peak demand, as shown in Fig. 9. According to the 
findings, the TES needs an extra 2.8–13.5 kW of power input during the 

Fig. 7. Working of ASHP with the integration of TES [113].
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charging process, and its electricity consumption of 2.8–3.6 kW shifts 
from on-peak to off-peak hours. The total daily heating expenses are 1.0 
%–2.1 % higher than those of the standard system, owing to the 
constraint of the rating capacity of the HP and ineffective PCM shell-tube 
TES. The coupled system heating expense is 0.3 %–0.6 % less than that of 
a standard system in a particular scenario, as the HP can provide all 
heating demands.

Du et al. [116] developed an energy-efficient ASHP integrated with a 
PCM-based TES for space heating applications, as depicted in Fig. 10. A 
salt based PCM was developed with a phase transition temperature of 
50 ◦C, which can match the temperature of HP condenser and building 
heating applications. Subsequently, an IDHEX with a finned tube was 
constructed and filled with 70 kg of PCM to serve as both the HP 
condenser and PCM TES, as shown in Fig. 10. Furthermore, the perfor
mance of an ASHP coupled with a PCM TES system was examined under 
various operating conditions. The findings demonstrate that IDHEX 
outlet water temperature remains constant between 44 and 47 ◦C 
throughout the discharging operation of TES and allowing the fan coil 
air temperature varying between 34 and 40.5 ◦C. Under low atmo
spheric temperatures (5.5–11 ◦C), the 34 m2 indoor space was heated to 
19 ◦C. Furthermore, the system exhibits a low operating cost (approxi
mately 15.1 %) compared to a traditional electric heating system and a 
significant increase in energy efficiency (approximately 151.6 %) 
compared to traditional TES devices. With energy storage, the developed 

HP-PCM system exhibits abundant potential for scalability and 
economical space heating.

Based on the above discussions, it is evident that an ASHP with PCM 
has proven efficiency improvement as well as a reduction in power 
consumption and a mismatch between the energy supply and demand 
with load-shifting strategies. Defrosting is a major issue in ASHP during 
winter, and the widely used conventional reverse-cycle defrosting 
approach can address the issue of ASHP icing in winter, which will lead 
to a suspension of heating in indoor areas while defrosting, which will 
reduce the thermal comfort of those who live within. To overcome this 
problem, the integration of PCM into an ASHP can successfully defrost, 
resulting in an increase in overall efficiency and enhancing the indoor 
thermal comfort of the building. It was also observed that adopting a 
cascade PCM system as compared to a single PCM is a more appropriate 
option for maximizing the energy utilization and shortening the 
charging time. Moreover, proper selection of a PCM with an appropriate 
phase transition temperature, design of a storage tank and volume with 
improved enhanced thermal conductivity or heat transfer, and multi- 
energy integration with PCM-based energy-stored ASHP are future 
research advancements in ASHP. Further, Table 3 is provided to sum
marize the various studies for critical analysis.

Overall, even though laboratory study shows that PCM-based TES 
can improve ASHP performance, considerable advancements will be 
needed for progress from lab-scale models to commercially viable sys
tems. These include the establishment of reliable predictive control 
systems, scalable and affordable techniques to increase PCM thermal 
conductivity, multi-season performance prototypes in occupied build
ings, and standard durability assessment across thousands of freeze-melt 
cycles. Simultaneously, comprehensive techno-economic analyses and 
regulatory incentives are necessary to widespread. Particularly in colder 
areas, PCM coupled HPs have an enormous opportunity to significantly 
reduce the carbon footprint of residential and commercial heating over 
the course of the next five to ten years.

3.2. Solar assisted HP (SAHP) with TES

There are several technological methods for increasing the efficiency 
of ASHP, including the use of an auxiliary source, secondary suction, and 
insulation of the evaporator [117]. These techniques have some limi
tations because they can only slightly enhance performance, particularly 

Fig. 8. Schematic of a) single and b) cascade PCM based TES coupled with the 
ASHP condenser [64].

Fig. 9. PCM based TES coupled with HP during a) Charging and b) Discharging [115].
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under harsh weather conditions. Furthermore, certain techniques, such 
as the use of a supplementary heater, consume more energy to ensure 
excellent performance. Therefore, researchers have introduced the 
solar-aided HP (SAHP) system to address these issues [118]. Solar-aided 
HPs can be connected to PV arrays, solar thermal collectors, or both. The 
SAHP system comprises a PV or solar thermal collector as the thermal 
source for the evaporator, compressor, throttling valve, and condenser 
for heat exchange with the end users. The thermal collector converts 
solar radiance into thermal energy, which is supplied to the HP system 
for district heating applications [119].

Based on the type of integration and generation, the system was 
classified into direct and indirect type SAHP [120,121]. In the 
direct-expansion system, the HP and thermal collector form a single 
unit, and the solar thermal collector functions as an evaporator, as 
shown in Fig. 11 (a). In this system, the refrigerant flows directly 
through the solar collector and absorbs the incident solar thermal en
ergy, thereby providing a high-temperature vapor refrigerant [122]. For 
the indirect expansion system, the HP and solar collector were separated 
and operated independently [123], as shown in Fig. 11 (b). A solar 
thermal system utilizes either water or air heated by a solar collector to 
transfer heat to the evaporator. Indirect systems are classified into three 
categories: series, parallel, and complex or dual-source systems [124]. 
By interconnecting the solar thermal collector and HP in series with the 
aid of a heat exchanger, the series system transferred solar thermal en
ergy to the HP evaporator and a greater COP is obtained as the heat 
exchanger functions as an HP evaporator owing to its higher tempera
ture compared with the conventional ASHP [125].

In a parallel system, the HP is not supported by the solar thermal 
system as a heat source for the HP evaporator, and the solar thermal 
system and HP are connected in parallel and operate independently. The 
heat generated from the solar thermal system is directly delivered to the 
space heating of buildings without interacting with HP, as shown in 
Fig. 11 (c). The HP is the main system, and as the solar radiation is 
insufficient to generate heat, then the HP will start to operate for 
delivering heat energy to the space heating of buildings. Under ample 
solar radiation and ambient temperature, the parallel arrangement im
proves the performance of the indirect HP system [126].

The dual-source SAHP system has two sources: solar thermal energy 
from the collector as the heat source and ambient temperature, as shown 
in Fig. 11 (d). The first evaporator of the HP was connected to the solar 
thermal system through a heat exchanger for the heat source, similar to a 
series system. The second evaporator was located outside, and ambient 
air was used as the heat source. To maximize the benefit of the heat 
source with the highest temperature, the HP would have obtained en
ergy either from solar or ambient air, depending on which offered a 

Fig. 10. Schematic showing operating of HP with PCM and experimental setup [116].

Table 3 
Summary and critical evaluation of PCM-TES integrated with ASHP systems

Approach Findings Strengths Limitations

PCM is located 
on the 
condenser 
side. Long & 
Zhu [113]

COP >3 Simple concept: 
charging TES 
using condenser 
heat

Limited test durations, 
no field data, and 
unclear PCM cycle 
durability

PCM is located 
on the 
evaporator 
side Chan et al. 
[100]

Reduced 
defrosting time 
by up to 75 %

Enhanced 
comfort and 
uses lower 
energy to 
defrost.

Encapsulation and 
PCM solid-melting 
cycles have not been 
studied.

Hybrid PCM- 
water TES Wu 
et al. [114]

Increased 
capacity factor 
and load 
shifting at night

Hybrid water 
and PCM TES 
are used to 
buffer loads.

Problems with thermal 
stratification and the 
possibility of PCM 
sedimentation

Cascade based 
PCM TES. Lin 
et al. [64]

Shorter 
charging times 
and improved 
energy 
utilization

Optimizes and 
maximizes the 
storage of PCM

More intricate; 
uncertain control 
method; undisclosed 
cost

PCM is located 
on the 
condenser side 
Du et al. [116]

Better energy 
density and 1.5 
× baseline COP,

High latent 
energy

Supercooling, phase 
segregation and 
Corrosion, issues
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better COP [127]. Furthermore, direct expansion systems have recently 
received significant attention owing to their many advantages such as 
fewer components, reduced heat loss, and minimization of the chance of 
corrosion and deterioration from water in the heat exchanger. However, 
the thermal efficiency of the system is directly related to the variations 
in the intensity of solar radiation, which is a drawback of DX-SAHP. The 
variation in solar radiation from morning to evening can cause signifi
cant fluctuations in system performance.

3.2.1. Challenges of SAHP
Although several researchers have contributed significantly to 

progress in the technology of SAHP systems, certain issues and diffi
culties persist. Solar energy can play a significant role in global decar
bonization in the crisis of fossil fuel energy scarcity and climate change. 
The share of renewable energy generation has also increased, and its 
proportion is steadily increasing to achieve energy sustainability [131]. 
Utilizing air and solar energy sources in tandem is a significant problem 
for SA-ASHP systems owing to the apparent climatic variations across 
different places and seasons [132]. Therefore, the imbalance between an 
unstable heat source and the constant heat demand can be effectively 
resolved by integrating an energy storage system [133]. Developing 
economical and practical methods to improve energy storage systems is 
also challenging for researchers.

To increase the energy efficiency of SA-ASHP systems, the design 
parameters and control methods must be adapted to regional environ
mental conditions. The performance of an SA-ASHP system is signifi
cantly affected by design factors such as the compressor speed, solar 
collector area, and thermal storage tank size [134]. Furthermore, the 
performances of SA-ASHP systems are affected by three environmental 
factors: humidity, ambient temperature, and solar radiation [135]. 
Consequently, under varied climatic conditions, it is imperative to 
investigate the technological difficulties of the SA-ASHP, as shown in 
Fig. 12.

3.2.1.1. Effect of environmental conditions on SAHP performance. The 
maximum temperature of the SA-ASHP system achieved by the solar 
collector was directly influenced by the intensity of the solar radiation. 
In the direct-expansion SA-ASHP system, the COP decreased by 14.5 % 
as the solar radiation was lowered from 500 W/m2 to 100 W/m2. 
Furthermore, the COP of the indirect-expansion SA-ASHP could be 
enhanced by 5.2 % as the solar radiation increased from 0 to 500 W/m2. 
Hence, it is challenging for SA-ASHP systems to harness the maximum 
solar radiation energy [137]. Ghasemipour et al. [128] performed a 
comparative study of two different direct expansion systems, 

solar-assisted and air-sourced HP, under the same conditions. The effects 
of climate on the performances of the two systems were evaluated under 
various conditions, including ambient temperature, solar radiance, 
evaporator or collector area, compressor speed, and wind speed. The 
findings for the two HP water-heating systems demonstrate that weather 
(varying months) has a major impact on the annual performance. Under 
the specific circumstances of the case study with mild weather, changes 
in solar radiance, ambient temperature, and wind speed throughout the 
year can increase the COP by up to 33 %.

The coupling of parabolic collectors and evacuated tube collectors 
can also result in a higher temperature under lower solar radiation, 
which leads to an improvement in the COP of the system [138]. Both the 
HP and the solar collector are affected by the surrounding temperature. 
As the ambient temperature decreased, the temperature differential 
between the collector and its surroundings increased, resulting in an 
increase in thermal loss and a decrease in thermal efficiency [139]. 
Therefore, proper insulation should be provided for minimizing the heat 
losses in system. A major issue that must be resolved is the effective 
utilization of solar and air sources, which enhances the performance of 
SA-ASHP systems under unfavorable environmental conditions.

One of the most intriguing solar energy conversion technologies is 
the photovoltaic-thermal (PVT) collector, which combines the genera
tion of thermal and electrical energies in one unit [140]. Integrating a 

Fig. 11. Schematic of a) direct b) indirect series c) indirect parallel d) dual source expansion SAHP [128–130].

Fig. 12. Technical difficulties encountered by SA-ASHP [136].
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photovoltaic-thermal collector and HP technologies can meet a signifi
cant portion of a building’s thermal energy and electricity needs through 
renewable energy sources and enhance the performance of the HP and 
collector [141]. The PVT collector generates heat, which must be 
eliminated because it affects performance and reduces electricity pro
duction. Therefore, the rejected heat from PVT cooling can be used as a 
heat source in the evaporator to increase the temperature. This cooling 
and heat rejected by the PVT will have a combined positive effect on the 
increase in both the PVT and HP performance [142]. In addition to the 
benefits for the individual subsystems, several studies conducted over 
the past ten years have shown that PVT-SAHP systems may significantly 
improve the overall energy performance compared to conventional 
SAHP systems that use air-source HP and solar thermal collectors [143,
144]. Several studies have proven that although the heat collected and 
transferred to the HP is somewhat lower, a greater amount of renewable 
power, an improved seasonal performance factor, and greater overall 
energy performance can be achieved compared to other SAHP systems 
[145,146]. Energy storage is an additional essential part of PVT-SAHP, 
and it minimizes the discrepancy between the thermal energy and the 
building load profile [147]. PCM and water-based TESs are extensively 
used in PVT-SAHP systems, demonstrating their significance from both 
the source and user perspectives. TES can improve solar energy output, 
HP performance, and solar constant heat supply between the PVT system 
and HP [148,149].

Zanetti et al. [150] conducted an experimental investigation of a 
direct-expansion dual-source HP using Co2 as the refrigerant. The 
evaporator of the HP prototype can be either a PVT solar collector or an 
air-finned coil heat exchanger. The HP was operated under dynamic 
conditions during both the air- and solar-mode experiments. The 
exploitation of heat from PVT collectors leads to a cooling impact 
through refrigerant evaporation in the collectors and causes an 8 % 
improvement in photovoltaic power generation. It was concluded that 
the dual-source PVT-HP system enhanced the HP performance and 
electricity output of the PVT. Wang et al. [151] developed a 
PVT-dual-source HP with the integration of a PCM-based TES. A TRNSYS 
simulation model was established to assess the system economics, en
ergy efficiency, and thermal performance. The PCM storage 

performance was compared with that of water storage, and the impact of 
various PCMs on the system parameters was also examined. The findings 
demonstrate that, in comparison to a traditional gas boiler system, the 
associated system exhibits a seasonal performance factor of 2.3, 56 % 
decrease in energy consumption, and 27.7 % reduction in operating 
expenses. Further, the developed system showed a maximum COP of 3.2 
and while, water source HP had 2.8, respectively. The PCM-based 
storage system exhibited better performance and long-term reliability 
than water-based storage systems. It was concluded that higher-density 
PCMs were advantageous for enhancing the overall performance of the 
system. Therefore, the integration of TES with PVT-SAHP offers an 
intriguing solution to the net-zero energy-efficient building design and 
able to meet all building thermal requirements and also improves the 
significant share of renewable energy. Among the various PVT-SAHP 
configurations currently available, the dual-source indirect-expansion 
system is the most promising option for fulfilling all building thermal 
requirements. This system is an advancement over single-source and 
direct-expansion systems and lacks the primary disadvantages that 
restrict its utilization.

Choi and Choi [152]. evaluated the performance of a novel PVT air 
collector coupled with an SAHP under different operating and geomet
rical parameters. Triangular blocks were incorporated into the PVT air 
heater to enhance its thermal efficiency and boost the effectiveness of 
the HP, as depicted in Fig. 13. The performance of the system was 
investigated by considering the mass flow rate of air, PVT air-heater 
area, solar intensity, ambient temperature, and intake water tempera
ture. An increase in the flow rate, PVT area of the air heater, ambient 
temperature, and solar radiance resulted in a higher heating capacity 
and COP. The PVT air heater power generation surpassed the system 
power requirement, allowing the PVT-SAHP to function independently 
under all flow rates without the need for grid power, whereas the ASHP 
required power from the grid to drive the compressor, which is shown as 
a negative value in the profile in Fig. 14. At all inlet water temperatures, 
the PVT-SAHP outperformed the ASHP system and exhibited a COP that 
was 4.55 %–13.25 % more than that of the ASHP system, as shown in 
Fig. 14.

Gao et al. [153] investigated the performance enhancement of 

Fig. 13. Schematic of PVT air heater with the integration of SAHP [152].
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dual-source air and solar HP with the coupling of a PCM TES, as shown 
in Fig. 15 (a), and developed control strategies for effective operation. 
The PCM is filled around the condenser coil to store solar energy. The 
system functions under the following four typical configurations based 
on the wintertime ambient temperature in the extreme cold region: a) 
Heating solely with solar energy: In the first scenario, HP is turned off as 
long as solar radiation is sufficient to heat the building, supply hot 
water, and store energy; b) heating in conjunction with solar energy and 
HP: a portion of the solar energy and HP condensation heat is stored in 
the condenser thermal accumulator, while the building domestic hot 
water and heating are provided by the remaining solar energy combined 
with the sub cooler’s waste heat; c) Heating by HP alone: In this case, HP 
is turned on as the solar source is not available. In this process, the heat 
obtained from the HP condenser is stored in a thermal accumulator, 
whereas the waste heat released by the sub cooler is used to supply hot 
water and domestic heating for buildings. d) Condenser thermal accu
mulator: If the HP or solar energy is unable to sufficiently power the 
system, the heat that had been stored in the thermal accumulator is 
discharged to supply heating or domestic hot water for the building. 
Considering the four typical operating methods, the combined heating 
system can provide buildings with constant heating requirements even 
during extremely cold winters. It was observed that increasing the flow 
rate of the solar water supply increases the amount of heat stored by 
solar energy and decreases the compressor power consumption, result
ing in greater COPs. In real-life situations, it is recommended to use a 
higher water flow rate to maximize efficiency and reduce energy con
sumption by increasing the share of the solar energy supply. Reduced 
energy storage time and an increase in the system condensation tem
perature are the outcomes of an increase in the overall heat storage 
power. However, the increased power consumption of the compressor 
resulted in a decrease in the COPs. Achieving an optimal balance be
tween the energy efficiency of the system and heat storage period in 
accordance with the demands and conditions is essential for practical 
applications. Zhang et al. [154] also developed a dual-source indirect 
expansion SA-ASHP with the coupling of a hybrid TES, as depicted in 
Fig. 15 (b), and optimized the control strategies for enhancing the per
formance. The hybrid TES tank comprises horizontal tubes embedded 
with paraffin as the PCM and water as both the sensible storage material 
and HTF. Furthermore, the increased evaporator temperature due to the 
TES causes a notable improvement in the efficient functioning of the 
solar HP mode. The average COP and heating capacity of the solar HP 
mode were 36.5 % and 50.0 % higher than those of the ASHP mode, 
respectively.

Zheng et al. [155] compared the performance of SA-ASHP PCM floor 
heating with conventional radiant heating using TRNSYS. A residential 
building located in Tianjin was chosen as the simulated scenario to 
assess the energy consumption, heating capacity, and economic impact. 

The energy usage of the system during the heating season decreased by 
35.7 % compared to that without a PCM floor, and the yearly CO2 
emission reduction increased from 1535 kg to 2762 kg. Owing to the 
decrease in energy usage, the COP of the SA-ASHP rises from 3.49 to 
5.43, respectively.

Yıldız et al. [156] experimentally evaluated the thermal performance 
of a SAHP with the integration of TES. Three different TES tank tem
peratures, with and without PCM, and four flow rates through the 
condenser ranging from 400 to 1200 L/h were investigated. The 
experimental data were used to determine the COP, compressor opera
tion time ratio, overall heating time, and temperature of the tank. It was 
seen from the findings that the PCM addition can have a negative effect 
at TES temperature 55 ◦C, but at 35 ◦C, it can greatly enhance the 
heating time up to 30.6 % and COP up to 33.9 %, respectively. This study 
revealed that the utilization of PCMs in HP TES tanks may be ineffective 
because sensible heat storage accounts for a large portion. Conversely, 
when PCMs are incorporated with sensible heat storage through reduced 
temperature differentials, efficiency and effective energy usage are 
enhanced.

Gao et al. [157] investigated a solar PVT coupled with an HP and an 
evaporative PCM-based accumulator. An experimental setup was 
designed, as shown in Fig. 16, to assess the impact of two different heat 
transfer media (water and PCM slurry) and investigate the performance 
of the evaporative PCM-based thermal accumulator. The experimental 
findings showed that using a phase-change slurry as an HTF improved 
the power-generation efficiency of the PVT system by 2.71 % compared 
with using water as an HTF-based system. The phase change slurry 
enhanced the evaporation temperature of the evaporator, which boosted 
the efficiency of the HP cycle. An average COP of 4.7 was exhibited for a 
HP, which was 43.46 % higher than that of water as an HTF. Further
more, PVT coupled HP with an evaporative PCM system exhibited an 
average COP of 8.23, which is a substantial increment of 57.36 % 
compared to water as a fluid. Furthermore, the evaporative thermal 
storage unit with a phase-change slurry exhibited superior thermal 
storage performance owing to its high-temperature stratification and 
reduced temperature drop throughout the heat release process. It was 
concluded that employing a phase-change slurry in SAHP systems is 
feasible and has considerable potential.

Several researchers have focused on serial, parallel, and combination 
setups to obtain optimal performance. Among all the configurations, the 
dual-source and PVT-HP exhibited superior performance by providing 
both the electricity and heating demands of buildings. It also enhances 
electricity productivity by cooling the PVT panels, maintaining the 
optimal panel temperature and causing a significant increase in power 
production. Furthermore, the integration of PCM-based TES with dual- 
source HP enhances the COP and provides a consistent heat source to 
the HP during nighttime with minimum energy consumption. The 

Fig. 14. Effect of inlet temperature on power to the grid and COP for different systems [152].
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integration of combined sensible-latent TES will be a suitable solution 
for HP because of the constant supply of the heat source, faster change, 
and provision of thermal energy for a longer period. Moreover, to 
enhance the heat transfer ability of PVT collectors and thermal storage, 
researchers have developed a novel phase-change slurry that acts as 
both an HTF and storage medium. This phase-change slurry showed a 
significant improvement in thermal performance compared with water 
and air. One of the main concerns with this slurry is the pumping power, 
which should be considered because the slurry may consume high 
pumping power. Therefore, further research should focus on the phase- 
change slurry in PCM-based PVT and dual-source HPs. Table 4 provides 
a summary of the presented studies, emphasizing performance in
dicators, benefits, drawbacks, and current technological preparedness in 
order to evaluate SAHP–PCM TES combinations in a methodical 
manner. These studies reported that COP and seasonal performance 
factors (SPF) show encouraging efficiency improvement across config
urations and range from 2.5 to 5.5, receptively with the combination of 

PCM based TES.
It is evident that PCM-based TES enhances defrost control, seasonal 

performance parameters, and heat pump cycling stability. The lack of 
thorough, multi-season field tests to confirm these advantages in actual 
building and climate circumstances is a significant drawback. The 
scalability and cost predictability of PCM-enhanced SAHP systems are 
still unknown in the absence of this evidence. In the next five to ten 
years, SAHP systems with PCM-based TES and advanced controls may 
establish themselves as a fundamental component of net-zero energy 
buildings.

3.2.1.2. Enhancement of solar thermal collectors and TES utilization 
3.2.1.2.1. Solar thermal collectors with PCM. Conventional solar 

thermal collectors exhibit poor thermal performance and cannot utilize 
the maximum solar energy. Therefore, to enhance solar energy utiliza
tion, researchers have developed techniques that directly incorporate 
PCMs into solar thermal collectors [158]. PCM introduction in PVT 

Fig. 15. Schematic of dual source HP integrated with a) PCM and b) Hybrid based TES [153,154].

C. Suresh et al.                                                                                                                                                                                                                                  Renewable and Sustainable Energy Reviews 226 (2026) 116197 

14 



systems will be more beneficial by providing the cooling effect of the 
panel, which leads to an increase in power, and the heat rejected from 
the PCM will be used for domestic heating or HP applications [159]. 
Khanlari et al. [160] conducted a study on extending the solar collector 
utilization period by adding a PCM to the absorber plate. The results 
demonstrated that embedding the PCM in the solar collector increased 
the utilization period of the collector, which could result in effective 
utilization of solar energy. Wang et al. [161] compared a conventional 
solar collector with a novel solar collector embedded in PCM. The 
findings showed that the PCM-embedded solar collector exhibited 
higher and steadier HTF temperatures under low solar radiation than the 
conventional collector. Bejan et al. [162] performed a comparative 
study of solar collectors with and without PCM incorporation. Based on 

these findings, the inclusion of PCM in solar collectors boosted the 
collectors’ overall efficiency by 10.6 %, extended its operating hours by 
110 %, and raised its temperature by 8.8 % compared to the collector 
without PCM. Palacio et al. [163] also performed similar studies, and 
their findings showed that the performance of the solar collector was 
significantly affected by the use of PCM for thermal storage. The col
lector with the PCM had slightly lower daytime and higher nighttime 
temperatures. This is because the addition of PCM stores energy in the 
PCM, which causes lower useable heat throughout the day. However, 
PCMs stored energy also serves as a source of heat energy for space 
heating applications at night, without interruption. Based on these dis
cussions, it is evident that the addition of a PCM to the absorber plate of 
a collector increases the utilization of energy and extends the usage 

Fig. 16. Schematic and experimental components of PVT- SAHP with PCM storage [157].

Table 4 
Summary and comprehensive analysis of SAHP-PCM TES

HP 
Configuration

Reported COP/ 
SPF

Key Benefits Performance Enhancements Limitations Commentary

Direct-expansion 
SAHP þ PCM

COP 2.5–3.5; 
seasonal COP 
~2.8

Simple structure; fewer 
components, very efficient 
because of reduced losses, Lowe 
cost

Less need for backup heaters and 
easier construction

High performance fluctuation 
due to solar variation and risk 
of thermal choking

Effective PCM control is 
required to manage solar 
diurnal fluctuations.

Indirect series 
SAHP þ PCM

COP 3.0–4.0; 
seasonal SPF up 
to 3.5

Stabilizes evaporator 
temperatures; Simple, 
inexpensive, and easy to retrofit 
higher COP

Decreases compressor cycling 
and increases solar utilization 
hours.

Complicated plumbing; 
untested PCM durability in a 
solar loop

Perfect for collector space 
retrofits

Indirect parallel 
SAHP þ PCM

COP 2.8–3.8; 
seasonal SPF 
3–3.5

Flexibility in operation; 
decoupling of HP and solar 
thermal system, moderate cost

Steady heating supply and a 
higher percentage of solar 
energy harnessing

Tank size issues and 
inadequate utilization of PCM 
during low sun hours

Suitable for moderate and 
stable climates

Dual-source 
SAHP þ PCM

COP 3.5–5.0; 
seasonal SPF 
3.5–4.5

Source switching flexibility; 
optimal seasonal COP

Seasonal COP growth of up to 50 
% in comparison to ASHP

More expensive installation; 
intricate control algorithms

Advanced technology and 
predictive controls are 
crucial.

PVT-SAHP þ PCM 
TES

COP 3.5–4.7; 
seasonal SPF up 
to 5.0

Both heat and electricity are 
provided and have net-zero 
potential

Stabilizing the temperature of 
PV panels increases their 
electrical and thermal yield.

Energy pumping for slurries: 
financial and spatial 
limitations

Extreme promise for 
buildings with net-zero 
energy
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period of the collector. However, it is limited to a shorter period, which 
hinders its application. To operate the system for a longer period and 
utilize solar energy effectively, an effective TES system must be inte
grated with the solar thermal collector of the SAHP.

3.2.1.2.2. Improvements of PCM based TES. As discussed previously, 
latent TES has received increasing attention and has been adopted in 
SAHP applications. Two types of storage containers are commonly used 
in latent TES: tubes in shells and packed beds [164]. The 
tube-in-the-shell TES uses PCMs on the shell side and an HTF flowing 
through the tubes, as shown in Fig. 17 (a); water-heating applications 
are usually included in this type of arrangement. The packed bed uses 
encapsulated PCMs in a cylindrical container, and the HTF flows over 
the packed-bed-encapsulated PCMs to transfer thermal energy [165], as 
shown in Fig. 17 (b). Because of their adaptability, encapsulated storage 
systems can be employed in both air- and water-heating systems [166]. 
The heat transfer rate plays a crucial role in the development of 
PCM-based TES systems to maximize system performance. Thermal 
performance enhancement techniques have attracted increasing interest 
owing to PCMs’ low thermal conductivity. The introduction of fins, 
porous materials, and nanoparticles increases heat transfer; however, 
these techniques increase system complexity and cost [167]. In contrast 
to conventional performance improvement techniques, the cascading 
PCMs methodology does not change the characteristics of the PCM and 
prevents the requirement of costly enhancement techniques [168]. 
Thus, the cascading approach of PCMs is less costly for increasing the 
heat transfer rate and energy storage capacity. A cascade consists of two 
or more PCMs in a single storage tank arranged in decreasing order of 
the PCM melting temperature, as shown in Fig. 17 (c). The main 
objective was to improve the thermal performance of the system by 
maintaining a relatively constant temperature differential between the 
PCMs and HTF during the energy storage and recovery processes. Lower 
HTF temperatures are sufficient to melt PCMs owing to the lower 
melting temperature near the bottom of the storage tank. This leads to a 
more efficient use of thermal energy in the cascade than in the TES of a 
single PCM. Compared with single-PCM TES, cascade latent storage 
exhibits superior heat transport, resulting in a reduced charging time as 
well as a larger heat storage capacity [169].

In the aforementioned discussion, the benefits and disadvantages of 
both sensible and PCM-based latent TES systems were discussed. Owing 
to the lower energy density of the sensible material, a greater volume of 
storage material is required to store the same quantity of energy stored 
in the PCM-based system, which causes an increase in the size of the 
container, leading to an increase in the cost of the container as well as 
higher thermal losses. To maximize the benefits and minimize the 
drawbacks of both systems, a hybrid sensible-latent TES system was 
developed [170], as illustrated in Fig. 17 (d). The advantages of the 
combined sensible-latent TES system [171,172] are as follows. 

I. Increased energy storage capacity compared to the sensible 
storage system.

II. Constant temperature of HTFs during energy storage and recov
ery processes

III. Compact and easy installation at less space for SAHP.
IV. Superior rate of heat transfer in comparison to latent storage.
V. A reduced rate of thermocline declines and extended energy 

usage compared with sensible storage.

Therefore, it is confirmed that integrating the cascade and combined 
TES system will enhance the performance of the system and utilize the 
energy effectively for a longer period of time for end user applications. 
Hence, it is recommended that cascade and combined sensible-latent 
TES can be integrated into SAHP to improve the COP and operate for 
longer durations at night for space heating of buildings.

3.3. Water source heat pump (WSHP) with TES

Over the past several years, water-source heat pump (WSHP) tech
nology has emerged as a potential source of energy for heating appli
cations in buildings [176]. The WSHP system has gained considerable 
interest owing to its benefits, which include producing clean renewable 
energy, maintaining a reasonably constant water temperature, and 
enhancing heat exchanger efficiency with high-density water [177]. 
When using traditional ASHP to heat or cool buildings, water sources 
offer more comfortable temperature conditions than air sources [178]. 
Buildings close to surface water bodies such as ponds, lakes, rivers, raw 
water, and the sea may benefit from exploiting these water sources as 
sinks and heat sources [179]. These reservoirs contain water that is 
typically warmer in winter and colder in summer than the surrounding 
air, which may result in energy savings. Consequently, several studies 
have been conducted to evaluate the potential of WSHP coupled with 
various water bodies.

Cardemil et al. [180 investigated the use of a WSHP connected to a 
domiciliary pool for heating as shown in Fig. 18. The impact of various 
design factors on the system performance was evaluated using para
metric analysis. These findings demonstrate that using an outdoor pool 
as a heat source is beneficial and not associated with a significant risk of 
ice development in the pool. Larger buildings, in particular, benefit from 
shorter system operation times by considering a greater pool area and 
higher nominal heating capacity. Zheng et al. [181] investigated a seat 
water source HP using a helical coil heat exchanger and beach well 
intake system. The performances of the WSHP and ASHP under severely 

Fig. 17. Different configurations of latent TES a) Tube in shell b) Packed bed c) 
Cascade and d) Combined [173–175]. Fig. 18. Schematic of pool water source for WSHP [180].
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cold climate conditions were experimentally compared. The findings 
showed that beach well WSHP had the best performance with extreme 
cold temperatures throughout the winter for the heating season. Frost 
development on the surface of the ASHP heat exchanger and ice on the 
outside surfaces of the helical coil tubes have a significant impact on the 
heat transfer performance and decrease performance. Although a beach 
well has a higher thermal performance than a helical coil, developing a 
beach well requires more rigorous geological conditions and is not 
economically as favorable as a helical coil. In their investigation, 
Büyükalaca et al. [182] compared the performance characteristics of an 
ASHP with those of a river water source, HP. The results of these studies 
indicate that the river water source HP outperforms the air source HP in 
terms of cooling COP by 35 %–40 % and heating COP by 15 %–40 %.

Jung et al. [183] examined the performance of a WSHP system under 
three design considerations: 1) building type, 2) water source type, and 
3) water intake distance. The system evaluated the critical parameters in 
terms of economic, environmental, and energy aspects. Different water 
sources, such as rivers, the deep sea, raw water, and underground water 
sources, were considered. Based on the heating to cooling demand ratio 
(HCR), the building type was classified into five categories, as stated in: 
HCR ~ 0: buildings with solely cooling demand requirements; HCR <1: 
needs more cooling than the heating; HCR ~ 1: HCR ~ 1: need the same 
quantities of both heating and cooling; HCR >1: need more heating than 
cooling; and HCR ~∞: that need only heating in the winter. The distance 
of the system from the water body, known as the water intake distance, 
can be classified into two categories: vertical depth and horizontal 
length. The vertical values were in the range of 0–50 m, and the hori
zontal lengths were in the range of 100–900 m. The type of water source 
has a significant impact on the amount of energy saved. Furthermore, 
each water source exhibited a positive energy-saving rate that improved 
as the water temperature stabilized. According to their overview, 
buildings with extended cooling times should use as cold water as 
possible, whereas buildings with extended heating periods should use as 
hot water as possible. Underground water is often considered the most 
suitable for these circumstances. Although the seawater source main
tained a steady temperature, it consumed a comparatively large quantity 

of energy because the water intake system drove the deep-sea water 
down to 1000 m. The primary energy consumption declined by an 
average of 1.3–5.7 % for every 100m in both the horizontal and vertical 
depth distances. Their findings revealed that water source selection had 
a greater impact on carbon emissions and energy savings than building 
type. This type of building is expected to have the greatest impact on 
economic viability. All parameters related to energy, environmental, 
and economic feasibility were significantly affected by the water intake 
distance, particularly the vertical distance.

Nevertheless, WSHPs still face difficulties, such as the greatest need 
for energy during cold spells, seasonal variations in water temperatures, 
and possible environmental constraints on water abstraction. To address 
these issues, coupling TES with WSHP systems offers a viable approach. 
For maximizing the utilization of thermal energy in a water source, Shin 
et al. [184] proposed a heat source compensation strategy. This enables 
the WSHP to utilize the TES as a supplementary heat source when the 
temperature of river water is low. A transient simulation tool was used to 
assess the performance of the hybrid, hybrid compensation, and 
compensation-based WSHP under various operating conditions, as 
shown in Fig. 19. Hybrid SWHP are utilized to offer a continuous heating 
operation by switching to a boiler when the temperature of the river 
water falls below a specific threshold limit, as shown in Fig. 19 (a). 
However, installing a boiler in a hybrid SWHP may result in higher 
initial cost and energy demand, which may lead to an increase in 
greenhouse gas emissions. Consequently, the TES was employed as a 
heat source at low river water temperatures to replace the hybrid system 
with a compensation SWHP. Fig.19 (b) illustrates that the compensated 
WSHP operates in two modes: heating mode with a heat source during 
the day and TES mode for night heating. Even in extremely cold river 
water, the compensated WSHP could provide continuous heat without 
requiring additional generators. As TES temperature falls below 21 ◦C or 
unable to extract heat from the river at night, the compression me
chanical drive is utilized by consuming high electricity for supply heat, 
which will emit more emissions as compared to the gas boiler. There
fore, at this stage, a hybrid compensation WSHP, as shown in Fig. 19 (c), 
was considered to be in operation, and would consume less primary 

Fig. 19. Different system configurations of WSHP a) Hybrid-WSHP b) Compensation-based WSHP and c) Hybrid compensation-WSHP [184].

C. Suresh et al.                                                                                                                                                                                                                                  Renewable and Sustainable Energy Reviews 226 (2026) 116197 

17 



energy than the compensated WSHP. The slight change in the conden
sation and evaporation pressures at night also allowed reasonably high 
COPs to be obtained. The performance was evaluated by varying the 
evaporator exit-water temperature, and the late-night heat source 
compensated for the reference temperature and TES size. The findings 
showed that compensating WSHP had better performance in terms of 
energy, environment, and economy compared to conventional heating 
and cooling. Hybrid compensation was found to have lower carbon 
emissions, but it exhibited a 19.5 % greater life cycle cost (LCC) than the 
compensating WSHP.

According to lab and pilot tests, WSHPs using PCM-based TES have 
COP improvements of 10–25 %. Other advantages include less 
compressor cycling and better system response to shifting building 
loads. According to certain research, there has also been a notable 
decrease in peak power consumption, which supports goals for system 
flexibility. There are still significant limitations in spite of these 
encouraging findings. Little information is available from real-world, 
multi-season field experiments, and the majority of research depends 
on small-scale prototypes evaluated under controlled conditions. Over
all, WSHP coupled with PCM based TES exhibits better performance 
with stabilizing temperatures, increasing COP, and lowering peak grid 
loads than the ASHP and conventional systems. The four main important 
factors, building type (office, schools, and residential that require 
different heat demands), type of water source, distance to water intake, 
and TES, should be carefully considered when designing a system 
because these factors affect the performance, energy, and cost of the 
system. Immersion heat exchangers, such as helical coil heat exchangers, 
freeze during operation in extremely cold winter climates, which 
significantly impairs the ability of the system to transfer heat. Although 
beach well intake performs better than helical coil water intake, the 
construction of a beach well necessitates more challenging geological 
conditions and is not as economically feasible as helical coil water 
intake. Decarbonization of building heating could be greatly achieved 
through WSHP systems upgraded with PCM-based TES within the next 
ten years, if the financial and technical gaps are methodically filled 
through concerted research and demonstration projects.

3.4. Ground source heat pump (GSHP) with TES

Geothermal energy sources are the readily available energy sources 
in different places around the globe. Ground-source thermal energy can 
be utilized in HP as a heat source to minimize fossil fuel consumption. 
GSHP systems, which include the Earth’s energy, geothermal, and geo- 
exchange systems, have recently attracted significant interest as sus
tainable alternative energy sources for building cooling and heating 
applications [10]. The GSHP delivers heat energy from the ground 
during the winter season for heating, whereas in the summer season, 
heat is extracted from buildings and dumped into the ground or earth 
through heat exchangers for cooling [9]. ASHPs are the most widely 
adopted technology for heating applications, owing to their simplicity 
and ease of installation. However, its performance deteriorates during 
winter, as the outdoor air temperature decreases significantly. There
fore, GSHPs are preferred over ASHPs because of their stable operating 
temperatures in cold climates.

GSHP are generally categorized into two groups: open loop (ground 
water) and closed loop (ground couple) [185], as shown in Fig. 20. An 
open-loop system consists of three typical designs: extraction well, 
surface water, heat extraction, and reinjection wells. The most widely 
used design configuration is the extraction and reinjection well, which is 
also referred to as a double system. This system requires the use of at 
least two wells to pump ground water into the first well, transfer heat to 
and from the circulating fluid, and then discharge water into the second 
well, as shown in Fig. 20 [186]. However, open-loop systems have 
certain drawbacks such as water contamination and thermal short cir
cuits, which hinder their applications. The closed-loop system comprises 
of continuous pipe loops positioned on the ground. The closed-loop type 

is classified into two categories based on the installation type: vertical 
borewells and horizontal loops [187]. The land field required for vertical 
installation is comparatively small because its depth typically ranges 
from 80 to 500 m. However, specialized equipment is required to install 
a vertical ground heat exchanger, which increases the initial installation 
cost. Conversely, simple equipment is required for horizontal heat 
exchanger installations, which is having a 1–3 m installation depth. This 
results in an economically feasible advantage over the vertical type 
[188].

Further, Expensive initial drilling costs, lengthy payback times, and 
possible ground thermal imbalances brought on by continuous heating 
without seasonal recharging are additional major obstacles for GSHP 
systems. A viable solution to these problems is the integration of PCM 
based TES, which minimizes load on ground heat exchangers and helps 
maintain balanced ground temperatures and prolong the borehole 
field’s useful life. Lv et al. [189] performed a comparative analysis of 
GSHP-coupled TES and conventional GSHP. TRNSYS was used to 
simulate the developed system model, and a project model was fabri
cated to perform experimental tests. Furthermore, it was shown that, in 
contrast to standard GSHPS, GSHPS equipped with an TES tank can 
mitigate temperature fluctuations by shifting load and modifying oper
ation strategy to maintain the HP system in a stable operating condition. 
According to the results, the integrated system has a greater COP than 
the conventional system by 0.37 in winter months and 0.04 in the 
summer. In terms of off-peak power pricing, the integrated system saved 
18.3 % and 35.2 % in winter and summer, respectively, compared to the 
conventional system. It was concluded that the coupled system distrib
uted energy is a more acceptable way, which would save considerable 
energy and minimize emissions throughout the operation phase by using 
low-cost power and renewable energy. Thus, there are promising 
application prospects and market demand for compound energy-supply 
systems.

Conventional ground heat exchangers (GHEs) involve deep borings 
equipped with high-density polyethylene pipes that circulate HTF. This 
deep drilling resulted in an increase in system cost. Thus, to lower costs, 
researchers have developed a technology by embedding HTF pipes into 
foundations, which are referred to as energy piles [190]. Energy piles 
have become increasingly popular globally over the past 20 years. A pile 
is a long, sturdy cylinder rammed into the ground, usually made of 
concrete, to provide a stable base for construction built on top of it. 
Thus, it can fulfill the dual purpose of assisting buildings and acting as a 
vertical heat exchanger. Thus, it is possible to avoid the additional land 
use and construction expenses associated with a standard GSHP system 
with vertical boreholes [191]. The diameter of the energy pile is around 
0.5–1.5 m, which is greater than the boreholes having a diameter of 

Fig. 20. GSHP with different design configurations [186].
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0.1–0.3 m, respectively. The thermal aspect primarily focuses on opti
mizing the pipe arrangement implanted in the pile body. The primary 
focus of the thermal aspect was to optimize the design of the pipe 
embedded in the pile body [192]. A larger diameter of the pipe can be 
advantageous for improving the heat exchange rate by expanding the 
area of contact between the pile body and the thermal piping [193]. To 
enhance the thermal performance of the pile body, a PCM can be 
included [194]. Akrouch et al. [195] anticipated that an energy 
pile-based GSHP system would experience a build-up of cold in the 
ground over time when the heating requirements significantly outweigh 
the cooling demands. Therefore, a seasonal TES system should be 
coupled with an energy-pile-based GSHP system to enhance the per
formance and operating period. To meet the heating and cooling re
quirements of high-rise residential buildings, Ma et al. [196] developed 
an energy-pile-based GSHP system coupled with seasonal solar TES, as 
shown in Fig. 21. To minimize the temperature fluctuations in the en
ergy pile and prevent cold buildup in the ground, an optimized design 
process was established for the combined system. A numerical study was 
conducted to assess the system performance under various ground 
conditions and climates with significant heating demands throughout 
China.

The findings demonstrated that the system underwent three phases 
in a typical functioning year: the first stage involved injecting heat into 
the ground quickly, the second stage involved injecting heat into the 
ground more slowly or not at all, and the third stage involved extracting 
heat for space heating. The system could easily meet the heating needs of 
buildings in the cold zone with a solar collector effectiveness of 40 % and 
58 %, respectively. In situations where the area is extremely cold, the 
ability of the system to meet heating demands depends on favorable 
ground conditions. Additionally, the system performance may be 
enhanced by adding a domestic hot water (TES) preheating process, 
particularly in situations where the ground is unfavorable.

Despite the tremendous potential of geothermal energy, three pri
mary factors prevent geothermal systems from being extensively used: 

expensive drilling costs, an imbalance of energy on Earth, and an acute 
lack of drilling areas. To overcome these issues, Shukla et al. [197] 
developed a novel foundation-based geothermal heat exchanger system 
using a PCM. By using foundation caisson, combined structural and 
energy systems are formed in a single ground installation, which lowers 
the costs of both construction and installation. The expenses associated 
with the foundation caisson are less than those associated with drilling a 
borehole for a vertical heat exchanger that functions only to promote 
heat exchange. The effect of adding PCM to a foundation caisson under 
heating, cooling, and building load profiles was examined using a nu
merical model. Experiments showed that the caisson performed better 
when PCM with higher thermal conductivity was used. Furthermore, 
PCM contributes to improved thermal performance, as indicated by its 
lower primary energy consumption.

The incorporation of heat exchangers into screw piles to form energy 
piles is a rapid and cost-effective option. Despite this, improved methods 
for managing thermal waves and thermal resistance in energy piles are 
still necessary. Fei et al. [198] developed a new idea to resolve these 
issues by incorporating PCM in energy screw piles, as shown in Fig. 22 
(a), and investigated it through numerical simulations. Using a typical 
grout-filled screw pile as a comparison, the results demonstrate that 
with an appropriate choice of PCM-solid combinations, PCM energy 
screw piles may lower the fluid temperature in the heat exchanger and 
the thermal resistance. Cao et al. [199] compared energy piles backfilled 
with different materials such as PCM, water, and normal grout for HP 
applications, as shown in Fig. 22 (b), and the results revealed that energy 
piles with PCM and grout exhibited greater thermal performance than 
the water back filler. The thermal performance of PCM energy piles was 
more significantly affected by intermittent operation than that of regular 
grout-backfilled energy piles. Enhancing the thermophysical character
istics of PCM backfill materials and their intermittent operation are 
crucial for maximizing the thermal efficiency of the energy pile and 
obtaining the benefits of PCM backfill materials. Moreover, Table 5
provides an overview of the major experimental and numerical studies 

Fig. 21. Schematic representation of the GSHP utilizing energy piles and seasonal TES [196].
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investigating energy piles, foundation-based heat exchangers, on GSHP 
systems couple with PCM -TES.

Based on the studies, it was found that GSHP technology develop
ment has been evolved in recent years to establish systems that are more 
cost-effective and efficient in improving system performance under 
different environmental operating conditions. Furthermore, there has 
been increased interest in combining GSHPs with additional sources of 
renewable energy, such as solar and wind, to build hybrid systems that 
can deliver energy-efficient heating and cooling without negatively 
affecting the environment. The development of novel materials and 
designs to enhance the effectiveness of heat transfer has been the focus 
of recent developments in GSHPs. Numerous technical difficulties, such 
as those related to design, installation, size, optimization, maintenance, 
and integration, confront GSHP systems. One of the most important 
technical problems with GSHP systems is the design and installation of 
the ground loop, which transfers heat to and from Earth. This can be a 
challenging and costly procedure, particularly if the soil is unsuitable for 
installing a ground loop or if it is impossible to reach the ground. 
Moreover, it can be challenging to appropriately size GSHP systems, 
because the system size must match the heating and cooling re
quirements of the building. Poor performance and increased energy 
costs can result from improper sized systems. Optimizing GSHPs may be 
a challenging task because of the impact of several factors on the system 
performance, such as ground temperature, ground loop geometry and 
design, and heat exchange efficiency. A viable strategy for improving 
thermal performance and thermal storage capacity is the integration of a 
PCM-based TES with a GSHP system. PCMs can reduce thermal inter
ference and substantially decrease temperature fluctuations within 

borehole heat exchangers, which can improve system performance and 
potentially save energy. Therefore, the incorporation of PCM into GSHP 
heat exchangers has a significant effect on the energy savings and per
formance of the system. Overall, PCM coupled GSHP systems have the 
potential to become a key component of reliable, low-carbon heating 
and cooling systems for both residential and commercial buildings by 
reducing ground temperature drift and promoting steady, sustainable 
operation over many years, if the above discussed issues are methodi
cally resolved.

3.5. Waste heat recovery heat pump (WHSHP) with TES

Combustion, heating, and cooling are the industrial processes that 
release waste heat into the atmosphere. The temperature of waste heat 
varies among industrial operations, ranging from 25 ◦C to 400 ◦C [200]. 
Thus, the waste heat was categorized as high-, medium-, or low-grade. 
Furthermore, the food and beverage processing industry accounts for 
25 % of the generation of industrial waste heat [201] and has the po
tential to be a major source of energy efficiency for industries. Heat from 
low-grade renewable waste or industries cannot be utilized directly; 
however, it may be reclaimed by upgrading it to the necessary high 
grade through HPs. Currently, thermal energy conversion, thermal 
storage, and HP are the technologies used for waste heat recovery. HP 
have emerged as a mature technology for waste heat recovery owing to 
their effective energy-saving and reduced emission capabilities with 
practical significance [202].

A significant amount of heat is generated by electric devices in a data 
center (DC), and the cooling system for these devices uses approximately 

Fig. 22. Schematic of a) Screw energy pile [198] b) PHC energy pile [199].

Table 5 
An overview of current GSHP technology coupled with PCM-TES

Study/ 
Reference

System Configuration Key Findings Benefits Limitations/Challenges Commentary

Lv et al. 
[189]

GSHP with PCM-based 
TES

COP increased by 0.37 in the 
winter and 0.04 in the summer, 
resulting in 18–35 % cost savings

Utilizes off-peak power, 
modifies load, and stabilizes 
HP functioning.

No data on durability 
across many seasons

potential integrated method, but it 
requires field testing

Akrouch 
et al. 
[195]

Energy pile coupled 
with seasonal PCM- 
TES

Possible cold accumulation 
reduced by seasonal TES

Energy piles operational life 
is extended

Complex monitoring and 
seasonal scheduling are 
necessary.

Operation of sustainable energy 
piles need seasonal TES.

Shukla 
et al. 
[197]

Foundation caisson 
integrated with PCM

Decreased primary energy use and 
enhanced thermal efficiency

Reduces installation expenses 
by combining structural and 
energy functions.

Long-term tests and 
strong PCM 
encapsulation are 
required.

A innovative hybrid strategy 
offering significant potential for 
cost savings

Fei et al. 
[198]

Screw energy pile 
integrated with PCM

Reduced fluid temperatures and 
lowered thermal resistance

Enhanced heat transfer and 
economical effective 
construction

Optimizing PCM 
selection is necessary.

PCM-integrated screw piles show 
promise approach, but specific 
material characteristics are needed.

Cao et al. 
[199]

Energy piles filled with 
PCM and different 
backfill

Greater thermal efficiency 
compared to water/grout fillers

Increased energy efficiency 
while operating 
intermittently also.

PCM behavior that is 
susceptible to control and 
cycling

PCM backfills’ promise is 
highlighted, however improved 
operation techniques are required.
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40 % of the DC’s overall energy [203]. Numerous studies have been 
conducted on DCs to enhance the cooling system performance and uti
lize waste heat. The issue of adding extra equipment to the traditional 
DC waste-heat recovery system can be resolved by proposing an efficient 
waste-heat recovery HP system that uses waste heat from DCs [204]. 
Jang et al. [205] developed an innovative WHSHP to lower energy usage 
for heating residential areas and cooling DCs. Water with a temperature 
below 12C was used to cool the DC, and the waste heat from the DC was 
recovered through the WSHP for residential heating applications, as 
shown in Fig. 23. Utilizing cold-temperature water to cool the DC re
duces the chance of water freezing in the WSHP evaporator. In addition, 
by using DC waste heat, the WSHP performance may be enhanced, 
resulting in the best performance in mid-winter.

Wang et al. [206] investigated the performance of a GSHP coupled 
with a low-temperature industrial waste heat source ground heat 
exchanger. The system comprises three components: waste heat collec
tion and exchange, a ground soil heat exchanger for heat injection and 
extraction, and a GSHP attached to buildings for heating applications, as 
shown in Fig. 24 (a). The performance of the system was significantly 
affected by the arrangement of the vertical boreholes for heat injection 
and extraction. As shown in Fig. 24 (b), the borehole cluster is separated 
into inner and outer sections. The GHEs attached to the HP are indicated 
by the inner hollow circles, whereas the GHEs connected to industrial 
waste heat are indicated by the outside solid circles. Depending on the 
real demands, the system can be configured as a square or circular. The 
main purposes of this system design are soil thermal energy storage and 
waste heat recovery based on the heating and cooling needs of the area. 
This demonstrates that adding low-temperature waste heat to soil can 
facilitate waste heat recovery and soil thermal imbalance, offering 
substantial assistance in areas that require heating, particularly in cold 
climates.

Ma et al. [207] developed a novel method for combining a 
PCM-based heat storage device with a sewage waste-source HP. A 
method that uses the thermal energy found in wastewater to collect and 
reuse energy is called sewage source HP (SSHP). According to several 
studies, it has been extensively used for heating buildings and has sig
nificant potential for lowering energy use and mitigating carbon emis
sions. Sewage heat sources alone cannot provide maximum energy 
efficiency for an SSHP system. The integration of renewable energy 
sources may help mitigate the present energy crisis by optimizing energy 
efficiency and reducing energy consumption. Moreover, additional 
storage devices can address the instability problem because solar energy 
depends on the time and weather. To reduce energy consumption and 
improve the heating time, researchers have suggested a PCM heat 
storage device in conjunction with an SSHP. The heat harnessed from 
the solar and some portion of the heat from the SSHP were collected and 
transferred into PCM storage, as shown in Fig. 25, to allow the peak 
heating load regulations in building applications. These findings imply 
that adding a phase change to the heat storage unit significantly in
creases energy efficiency and economic feasibility.

From these discussions, it is evident that waste heat from data cen
ters, sewage, and industries can be used as a heat source for WSHP for 
residential or industrial heating applications. WHSHP offers better 

performance with minimal emissions than ASHP and WSHP, where 
waste heat is abundant. According to studies, PCM-TES coupled WHSHP 
systems can increase COP by 10 %–30 %, depending on the waste 
thermal stream’s and the PCMs characteristics. PCM-TES can assist in 
maintaining continuous high COP operation in WHSHPs while regu
lating temperature variations in waste heat fluxes, such as those caused 
by fluctuating wastewater temperatures. Furthermore, the integration of 
PCM storage and renewable sources into WHSHP allows the storage of 
heat from waste heat sources that are not utilized. This leads to a 
reduction in energy losses, improves efficiency and operating time, and 
reduces energy consumption and emissions. The applications of WSHP 
are limited to specific areas, such as industries and data centers, owing 
to the availability of waste heat. Therefore, WSHP are not suitable for 
independent or standalone applications and are only suitable for mostly 
industrial and non-residential areas. Implementing control strategies 
with an efficient TES design can maximize energy utilization and per
formance. In order to balance cost and thermal density, hybrid TES 
designs have been developed; moreover, advanced control systems that 
coordinate TES charge/discharge with industrial process waste heat 
profiles are showing promise.

4. Emerging technologies of PCM-based TES coupled with HP for 
enhancing performance

Although it was established from an aforementioned discussion that 
PCM-based TES in conjunction with HPs significantly improved per
formance, the traditional PCMs’ low thermal conductivity, phase 
segregation, subcooling, and poor long-term cycle durability remain 
technical problems. Novel PCM-based TES technologies are presently 
being investigated as a solution to these problems. With the imple
mentation of these technologies, the PCM-based TES may be able to 
integrate next-generation HP, which might enhance its techno-economic 
viability, environmental sustainability, efficiency, and flexibility of 
operation.

4.1. Nano-enhanced PCMs

Organic PCMs exhibits low thermal conductivity (usually between 
0.2 and 0.4 W/mK), which limits the rate of heat transfer during the 
melting and solidification process that leads to poor dynamic respon
siveness and prolonged charging and discharging periods. To solve this, 
a high-conductivity nanomaterials like graphene, carbon nanotubes, 
metal nanoparticles (Cu, Al, Ag), or metal oxides (AlO3, TiO2) are 
included to form as a nano-enhanced PCMs [208]. These nanoparticles 
maintain latent heat capacity by establishing conductive paths inside the 
PCM matrix, increasing effective thermal conductivity by up to five 
times and resulting in an improved performance of PCM based TES 
systems [209,210]. Moreover, dual nanoparticle hybrid nanocomposites 
can take advantage of synergistic effects to further enhance heat trans
mission. Nonetheless, homogeneous dispersion, stability, and agglom
eration reduction of nanoparticles continue to be major research 
problems [211].

4.2. Shape stabilized and composite PCMs

Shape stabilization is technology to implant PCM inside a porous or 
polymer support matrix (such as expanded graphite and polyurethane 
foams) to form as shape stabilized PCM composite [212]. These com
posite PCMs exhibit superior form stability, high encapsulation ratio 
with negligible leakages as compared to the solid-liquid phase transition 
PCMs. Specifically, expanded graphite shape stabilized PCM offers sig
nificant increase in thermal conductivity (up to 1–2 W/mK) without 
effecting the latent heat capacity [212]. In addition, embedding 
silica-based supports or aerogels improves the mechanical and thermal 
stability even further. Therefore, shape stabilized PCM composite will be 
the best suitable PCM based TES for HP applications to enhance Fig. 23. Schematic of DCs waste heat recovery with WSHP [205].
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performance [213,214].

4.3. Advanced PCM encapsulation

Encapsulation is the process of enclosing or embedding PCM in a 
matrix or protective shell. Micro and nano encapsulation of PCMs 
emerged to be advanced technology to enhance heat transfer, cycle 
stability and chemical compatibility [215]. PCM cores are encased by 
using polymers, silica and metal shells to produce micro-encapsulated 
PCMs (typical diameter 1–100 μm), which eliminate leakage, 
improved dispersion and arguments transfer in the PCMs [216]. Direct 
incorporation of PCM microcapsules into heat exchanger fluids might 
result in a phase change slurry (PCSs) with decreased subcooling and 
improved convective heat transfer in the systems. Similarly, 
nano-encapsulation method attains grater surface area to volume ratio, 
that allows faster rate of temperature response and enhanced stability 
[217]. These emerging encapsulation techniques offer increased energy 
storage performance, enhanced safety, and more flexibility for a wide 
variety of thermal applications like HPs integration [218,219].

4.4. Bio-based PCMs

In the past years, bio-based PCMs have gained significant attention 
and better substitutes for inorganic or petroleum-based PCMs. These 
materials are biodegradable, low toxicity, low flammability and have a 
lower carbon footprint, because they are made from natural and 
renewable resources including fatty acids, plant oils, and their de
rivatives [220]. For instance, fatty acid-based PCMs, such as lauric acid 
and capric acid have demonstrated a better TES capacity, moderate 
phase transitions temperature and stable cyclic performance [221]. To 
adjust their melting points and increase their thermal durability, recent 
research has also looked at eutectic combines of bio-based materials 

[222,223]. Hence, bio-based PCMs offer a viable, sustainable option for 
TESs, aiding in the decarbonization of the building heating applications 
through HP integration [224].

4.5. 3D printed PCM based TES

PCMs-incorporating 3D-printed TES devices have been made 
possible by recent developments in additive manufacturing [225]. The 
interior design, porosity, and geometries of TES devices can be precisely 
controlled by three-dimensional (3D) printing and all these together 
leads to maximize heat transmission, reduce thermal resistance, and 
increase system compactness [226]. Through the incorporation of PCMs 
into intricate 3D-printed structures or lattices, heat flow paths may be 
customized and PCM encapsulation optimized, resulting in decreased 
leakage and improved cycle stability. In order to further improve ther
mal conductivity and heat transfer performance, 3D printing also makes 
it possible to include high-conductivity additives into PCM composites. 
Additionally, this technique has made it possible to develop hybrid 
structures that combine latent and sensible heat storage, resulting in 
greater design flexibility and effective performance [227].

Summarizes that, the integration of cutting-edge PCM-based TES 
technologies with HP has great potential to enhance system efficiency, 
operational flexibility, compactness and sustainability. Conventional 
PCM drawbacks including leakage, low heat transfer rates, and poor 
cycle durability have been overcome by recent advances such shape- 
stabilized PCM composites with strong structural stability and mini
mize leakage, nano-enhanced PCMs and advanced encapsulating 
methods show excellent thermal conductivity resulting in greater heat 
transfer. Furthermore, bio-based PCMs promote decarbonization goals 
by providing renewable, biodegradable, and ecologically harmless 
substitutes over traditional PCMs. Additionally, the development of 
additive manufacturing techniques has increased the design options and 

Fig. 24. Schematic of a) Industrial waste heat recovery and storage coupled with GSHP and b) configurations on borehole arrangement [206].

Fig. 25. Schematic of SSHP coupled with solar PCM based TES system [207].
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operational performance of PCM-based TES systems by enabling 3D- 
printed systems with customized geometries and hybrid heat storage 
capabilities. Therefore, these emerging developments offer a significant 
step toward the development of next-generation PCM-based TES tech
nologies that can be easily incorporated into heat HPs for effective 
thermal energy management and to improve efficiency of the systems.

5. Energy, economic and environment

Any system should be cost effective and exhibit good performance. 
From an environmental perspective, it is important factor for us to 
reduce pollution caused by HP systems. The reduction of CO2 emissions 
and energy consumption is gaining the attention of researchers and the 
public worldwide, particularly when combined with solar thermal sys
tems. In this regard, estimating the environmental benefits of the sys
tems and evaluating their energy and economic viabilities are critical. 
This section provides a brief discussion of numerous studies describing 
the energy, environmental, and economic performance of systems.

Yu et al. [228] conducted an economic study on an ASHP with latent 
TES for space heating in China. A mathematical model was developed to 
assess the viability of the proposed system from environmental and 
economic perspectives. The proposed ASHP systems coupled with PCM 
TES were compared with two-stage ASHP, coal-fired boilers, gas boilers, 
and direct electric heating systems in China. According to the results, the 
gas boiler and HP systems exhibit better performance from an energy 
perspective, whereas electric heating (DEH) and coal-fired boiler (CFB) 
are not advised for space heating in any location because of their higher 
primary energy consumption (PEC) values, as shown in Fig. 26 (a). In 
conclusion, the DEH is not recommended for space heating because of its 
high energy consumption, CO2 emissions, and operating costs, although 
it has the lowest investment cost, as shown in Fig. 26. In addition, CFB 
are not appropriate for heating applications because of their high pri
mary energy consumption. WGB perform well economically, environ
mentally, and in terms of energy conservation. However, the widespread 

use of WGB has been constrained by China’s unequal distribution and 
restricted natural gas output.

Furthermore, owing to the low power generation efficiency, it is 
evident that the CO2 emissions of the HP systems are approximately 
twice those of the CFB, as shown in Fig. 26 (b). However, emissions are 
transferred from residential areas to power plants through the adoption 
of HP systems. Furthermore, energy sources may be upgraded and ret
rofitted from fossil fuel energy to renewable energy, further reducing 
CO2 emissions from HP systems. The ASHP-LTES is more cost-effective, 
environmentally friendly, and energy-efficient than the QTASHP for 
extremely cold regions. The additional TES unit in an ASHP initially 
makes it more expensive than a two-stage ASHP, as shown in Fig. 26 (c). 
Furthermore, one of the main factors limiting the widespread use of HP 
systems is their higher initial cost compared to traditional heating sys
tems. However, owing to recent industrial developments and rising 
market demand, the initial cost of HP systems is expected to decrease 
steadily. Additionally, setting the discount percentage of the TES unit at 
40 % reduces the payback period of the ASHP compared with the two- 
stage ASHP by approximately six years, suggesting that ASHP coupled 
with TES is a superior option in extremely cold regions in China. In 
conclusion, ASHP coupled with LTES are a better choice than other 
systems in the long term.

Qu et al. [229] performed a comprehensive study on a PVT-WSHP 
and compared it with a PV ASHP using the TRYNSIS model and exper
iments. According to the results, a higher monthly energy conversion 
efficiency was observed in PVT, with an average of 12.35 %, compared 
with the single PV system, with an average of 9.86 %. Owing to the 
cooling effect of the PVT panels, the electrical conversion efficiency of 
the PVT-WSHP heating system improved by 25.3 %, respectively. The 
PVT-WSHP heating system consumed 1681.01 MJ of energy annually, 
whereas the single ASHP water heater system utilized 1614.56 MJ. This 
marginal difference was due to the higher energy consumption of the 
water pump. Compared with the PV-ASHP system, the annual cost of the 
PVT-WSHP system was lowered by 217.7 yuan and had a payback period 

Fig. 26. Variation in a) energy consumption b) carbon emissions and c) initial costs of different heating systems [228].
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of six years. The advantages of environmental preservation were evident 
in both systems. In contrast to the PV-ASHP system, the PVT-WSHP 
heating system delivered more heat and electricity, resulting in 
greater emission reductions and standard coal savings.

Pochwała et al. [230] evaluated the viability of utilizing air-to-water 
HP based on renewable energy sources to avoid building degradation, 
preserve their historic significance, and ensure that they are compatible 
with current sustainable energy and decarbonization standards. This 
study compares two different HP systems: 1) an air-to-water HP that 
runs on electricity and ii) a gas absorption HP. Currently, the building 
has a 550-kW fixed-temperature boiler that runs on coal. These findings 
led to the conclusion that gas-powered air HP are a more advantageous 
option for buildings. The simple payback period was four years in the gas 
scenario and five years in the electricity-based scenario. Compared to 
coal-fired boilers, electricity-based HP decrease heating expenses by 
more than 72 % (from 0.222 EUR to 0.062 EUR/kWh), whereas 
gas-based HPs decrease heating expenses by 59 % (from 0.091 
EUR/kWh), as shown in Fig. 27. Using these technologies, 123.4 tons of 
CO2 released into the environment are reduced each year, leading to 
environmental sustainability. Based on the study, it can be said that 
electric based HPs are a more reasonable option since they have 
significantly lower operating expenses and are marginally expensive 
than gas absorption HPs.

Maddah et al. [231] performed a comparative study on three 
different HP technologies, namely industrial waste-WSHPs, ASHP, and 
GSHP, in terms of energy, economy, and environment. Fig. 28 (a) depicts 
the COP and work energy consumption for different HPs based on a 
50-kW heat capacity. The ASHP system exhibited a lower COP than the 
other systems owing to the lower heat capacity of air, which implies that 
more energy is consumed to deliver the same output as the other sys
tems. Additionally, the GSHP system consumes more energy than the 
WSHP, which results in poor performance, as shown in Fig. 28 (b), 
demonstrating that using the waste-WSHP system rather than the ASHP 
cycle lowers the CO2 emissions and power consumption by 42.229 tons 
and 71.941 MWh, respectively. This leads to savings in costs of 8028$ 
during a 6-month operation period. Additionally, the comparison of the 
waste-WSHP and GSHP system demonstrates that, during a 6-month 
running period, the WSHP saves 26,698 MWh and decreases CO2 by 
15,671 tons, eventually resulting in 3046$ cost savings as shown in 
Fig. 28 (b). Therefore, it is evident that the WSHP showed significant 
benefits over the other systems, and the ASHP was inefficient. The 
findings indicated that approximately 41 GWh of heat was recovered 
annually from Iranian casting plants. With a COP of 5.104 under the 
operating conditions, the WSHP can generate 11.8 MW of thermal en
ergy annually, which is utilized in air conditioning.

Fig. 29 (a) and (b) show the results of an economic study of a PV- 
assisted HP used for water-heating applications [119,232]. The assess
ment presented the benefits of the PV-HP over a system without PV and a 
boiler by considering the system lifetime cost. According to the analysis, 
the overall cost of the PV-HP system during a 25-year period was 337 
€/year, based on an electric cost of 0.15 €/kWh, and approximately 79 % 

of the energy was saved compared with the boiler and without the PV 
system. Furthermore, compared to a traditional boiler and a grid-based 
HP, CO2 emissions of PV-HP decreased by 82 % according to the envi
ronmental study. A PV-based HP incurs higher initial investment cost. 
However, during operation, it offers significant energy, pollution, and 
cost reductions.

Biglarian et al. [233] conducted a comparative study by considering 
solar-assisted GSHP, GSHP, ASHP, and natural gas heating systems 
(NGSH) in terms of energy, economy, and environment. The findings 
show that the NGSH system has the lowest investment cost, whereas the 
SA-GSHP and GSHP systems were found to have higher costs, as shown 
in Fig. 30 (a). The lowest LCC was found in the NGSH, followed by the 
SAGSHP, GSHP, and ASHP systems, respectively, over a period of 20 
years. Consequently, the most cost-effective system may be NGSH. In 
terms of LCC, the SA-GSHP was also more appealing than the GSHP and 
ASHP, as shown in Fig. 30 (b). Further, SA-GSHP provides discounted 
paybacks of 8.6 and 12.1 years, respectively, then that of the GSHP and 
ASHP. By offering a 30 % incentive for the initial cost of the system, it 
was discovered that the GSHP and SA-GSHP systems were more 
cost-effective than the ASHP and NGSH systems. Furthermore, the 
SA-GSHP emits the least amount of carbon dioxide and is reduced by 9, 
36, and 33 %, respectively, compared to those of the GSHP, ASHP, and 
NGSH systems, as shown in Fig. 30 (c), primarily because the SA-GSHP is 
more efficient and has the potential to emit minimal emissions powered 
by electricity obtained through renewable sources.

The coupling of TES with HP systems has significant benefits in terms 
of environment, energy savings, and economics. Lowering the energy 
consumption and CO2 emissions in HP systems is essential from an 
environmental perspective, and incorporating TES and solar thermal 
systems may further improve sustainability. In terms of economics, HP 
systems are an attractive choice, particularly when combined with TES, 
despite having higher initial expenses than traditional heating tech
niques. This is due to their high efficiency and long-term operational 
savings. In terms of energy savings and lowering emissions, studies have 
demonstrated that gas boilers and HP systems perform better than direct 
DEH and CFB, respectively. Combining HP with TES and solar thermal 
systems results in a more effective solution for severely cold climates in 
terms of operational energy savings and reduced emissions. Long-term 
heating solutions in severely cold climates. Offering financial aid or 
incentives for solar thermal and TES systems may lower their initial 
costs and support their widespread adoption and commercialization.

Finally, a holistic comparison of various HP technologies with and 
without PCM-based TES has been provided in Table 6. It summarizes the 
performance, key benefits and challenges. There are numerous benefits 
of integrating PCM-TES, such as enhanced seasonal performance, less 
compressor cycling, peak-load shifting, reduced fluctuations in opera
tion, and increased use of renewable energy. The table also identifies 
significant obstacles that must be methodically overcome through 
focused research and field tests in order to facilitate successful large- 
scale commercial deployment, including PCM durability, limited ther
mal conductivity, and the requirement for sophisticated, predictive 
control strategies.

6. Conclusions

This review presents a comprehensive analysis of HP systems inte
grated with PCM-TES for sustainable building heating applications. The 
integration of PCM-TES has been shown to address several limitations 
inherent in conventional HP systems, including defrosting inefficiencies, 
unstable heat supply from renewable sources, and mismatches between 
energy supply and demand. Based on the reviewed studies, a significant 
improvement has been observed with the integration of HP into the 
PCM-TESs. PCM-based defrosting methods have cut defrosting periods 
by up to 75 % and decreased compressor power usage by 55.8 %, while 
evaporator-side PCM storage has increased COP by 6.1 %–14 %, 
depending on the climate conditions. Compared to conventional gas 

Fig. 27. Comparison of fuel price and heat generation cost for different heating 
systems [230].
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boiler systems, dual-source and PVT-assisted HP systems coupled with 
PCM-based TES showed maximum COP values up to 4.67 and seasonal 
performance factors exceeding 2.3. In addition, these systems also 
showed reduced energy consumption of up to 56 % and operating costs 
of 27.7 %, respectively. The HP integrated with TES having phase 
change slurry HTF was found to have a COP of 4.7, 43.6 % improvement 
as compared to the water as HTF. Therefore, it was concluded that with 
the enhanced thermal load management and improved operating sta
bility, PCM-TES systems can significantly increase the seasonal perfor
mance factor and overall energy efficiency of HPs while reducing peak 
electricity consumption and associated emissions.

Among the various configurations, dual-source and PVT-assisted HPs 
coupled with a PCM-based TES demonstrated the highest potential for 

performance improvement and energy flexibility. Key considerations, 
such as appropriate PCM selection based on the phase-change temper
ature, TES placement (evaporator or condenser side), and thermal 
conductivity enhancement methods, were found to play critical roles in 
system optimization. In particular, phase-change slurries have emerged 
as a promising hybrid solution acting as both a heat transfer fluid and a 
thermal storage medium, although further investigation is required to 
address issues such as high pumping power.

Despite these advances, the high initial cost of HP-TES systems re
mains a major barrier to their widespread adoption. However, studies 
suggest that targeted government incentives and cost reductions in TES 
components, especially PCM materials, can significantly improve eco
nomic feasibility, with payback periods potentially reduced to less than 

Fig. 28. Comparison of a) COP and work b) Energy savings, carbon emission reduction and cost savings under different HP technologies [231].

Fig. 29. Comparison of a) various costs accounted for in the operations of systems and b) total investment cost [119,232].

Fig. 30. Comparison of a) initial cost b) LCC, and c) carbon emissions of different heating technologies [233].
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six years in cold climate regions.
In summary, PCM-integrated TES offers a viable pathway for 

improving the performance, reliability, and sustainability of heat-pump 
systems in buildings. This study provides a holistic foundation for future 
research and development and contributes valuable insights for engi
neers, policymakers, and researchers aiming to advance the commer
cialization of high-efficiency, low-emission heating technologies.

6.1. Future research directions

● The PCM selection optimization
Develop standardized guidelines for selecting PCMs with suitable 
phase-change temperatures based on HP operating conditions, end- 
user requirements, and climatic zones.

● Phase-change slurry development
Investigates low-viscosity phase-change slurries with high thermal 
storage capacity and low pumping power for use as dual-function 
heat transfer and storage media.

● Thermal conductivity enhancement Explores advanced PCM 
enhancement techniques, such as metal foams, encapsulation, and 
nano additives, to improve heat transfer rates and reduce charging/ 
discharging times.

● Hybrid TES systems Design and validate combined sensible–latent 
TES configurations to maximize the energy density and maintain 
stable outlet temperatures under varying load conditions.

● Control strategies for TES-HP systems
Develop intelligent control algorithms for real-time load shifting, 
peak shaving, and TES utilization optimization in integrated HP-TES 
systems.

● Application-specific research (e.g., waste heat source heat pumps 
(WHSHP) Expand studies on under-researched HP configurations, 

such as WHSHP integrated with TES in industrial and data center 
settings.

● Techno-economic and environmental evaluations
Involve region-specific life cycle costs, carbon reduction, and policy 
impact analyses to guide TES-integrated HP deployment strategies.
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