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Abstract 17 
 18 

Solar assisted air source heat pump shows great potential as a promising energy-saving heating 19 
technology, which integrates solar collector and air source heat pump. It is widely considered for 20 
supplying hot water, space heating and/or space cooling in the domestic sector. The performance of 21 
solar assisted air source heat pumps can be evaluated in system level by parameters such as coefficient 22 
of performance, seasonal performance factor, energy consumption, solar fraction as well as initial and 23 
operating costs, and in component level by parameters such as efficiencies of solar collection and 24 
thermal energy storage. Their performances are affected by many factors such as system configuration, 25 
components size, working fluid, working conditions and weather conditions. This paper presents a 26 
comprehensive review on the recent advances in solar assisted air source heat pump for the domestic 27 
sector in terms of system configuration, solar collectors, thermal energy storage, defrosting method 28 
and the perspective areas of further investigations. The results of this review confirm that research is 29 
still required to improve the performance of such a combined system and reduce initial cost compared 30 
with existing heating systems based on hydrocarbon combustion. The information presented in this 31 
paper is beneficial to the researchers, small and medium-sized enterprises suppling renewable energy 32 
system technologies, heating engineers and service workers, energy policy and decision makers, 33 
environmental activists and communities. 34 
 35 
Highlights 36 
 37 
• A comprehensive review has been done for solar assisted air source heat pump.  38 
• Solar collectors, thermal energy storage and defrosting methods are briefly reviewed.  39 
• The performance data of different type heat pumps are compiled and compared.  40 
• Evolutions require new-generation energy efficiency and green refrigerants.  41 

 42 
Key words: solar-assisted air source heat pump, coefficient of performance, system configuration, 43 
solar collector, thermal energy storage, defrosting 44 
 45 
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Nomenclature: 49 
 50 
A  area, m2 51 
COP  coefficient of performance 52 
!"  specific heat capacity, J/(kg K) 53 

#$%  average amount of energy received per square meter of a solar collector, W/m2 54 
HC  heating capacity, W 55 
L  average monthly value of atmosphere lucidity 56 
Qco  heat pump heating capacity, W 57 
&'(  heating demand, W 58 
&)*$$  heat loss, W 59 
&+,-  maximum thermal energy storage capacity, J 60 
&$%  thermal energy collected by a solar collector, W 61 
SF  solar fraction (solar heating ability) 62 
SPF  seasonal performance factor 63 
t  time, s 64 
.,  ambient air temperature, oC 65 
.%*/  condensing temperature, oC 66 
.+,-   temperature of storage tank fully-charged, oC 67 
.+0/  temperature of storage tank fully-discharged, oC 68 
.$%,0/  water/refrigerant temperature at the inlet of solar collector, oC 69 
V  volume, m3 70 
2%3  work done by compressor, W 71 

Wfan  work done by fan, W 72 
Wpump  work done by pump, W 73 
Wtot  total work done by compressor, fans, pumps, W 74 
 75 
Greek Letters: 76 
 77 
4$%  efficiency of solar collector 78 
5  density of air, kg/m3 79 
 80 
Abbreviation:  81 
   82 
ASHP   air source heat pump 83 
DX-SAASHP  direct expansion solar-assisted air source heat pump 84 
GHG                           greenhouse gases  85 
GSHP   ground source heat pump 86 
GWP   global warming potential 87 
HP   heat pump 88 
HW   hot water 89 
IEA   International Energy Agency 90 
IX-SAASHP  indirect expansion solar-assisted air source heat pump 91 
ODP   ozone depletion potential 92 
PCM   phase change material  93 
PV   photovoltaic 94 
PV/T   photovoltaic/thermal     95 
SAASHP  solar-assisted air source heat pump 96 
SAGSHP  solar-assisted ground source heat pump 97 
SAHP   solar-assisted heat pump 98 
SC   space cooling 99 
SFH   single family house 100 
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SH   space heating 101 
SWH   solar water heater 102 
TES   thermal energy storage 103 
WSHP   water source heat pump 104 
 105 
1. Introduction 106 
 107 

Heat pumps (HPs) can be considered as both energy efficient and renewable energy technology 108 
[1]. The use of this technology to increase buildings energy efficiency by utilizing low-grade thermal 109 
energy from existing heating supply systems is of significant interest today. However, to significantly 110 
reduce energy consumption and to improve the performance of HPs, many studies are devoted to 111 
increasing the share of renewable energy. According to the International Energy Agency (IEA), 112 
worldwide, thermal energy accounts for more than 50% of energy consumption, with about 45% 113 
consumed in residential and commercial buildings [1]. In the UK, heating took up 48% of the total 114 
energy consumption in 2013, and the domestic sector accounted for 57% of the entire heating demand 115 
[2]. Emissions of greenhouse gases (GHGs) and air pollutants during heat provision from 116 
hydrocarbon combustion are 39%, with fossil fuel being the main heat source today [1]. To achieve 117 
the UK’s target of the net-zero emissions of GHGs by 2050, the domestic heating sector has to be 118 
decarbonised [3]. Many countries have a strategy by 2050 to increase the share of renewable energies. 119 
In combination with renewable energy, an increase in HPs in heating provision is expected. By 2030, 120 
HP should provide 22.1% of the domestic heating compared with 5% in 2019 [1]. The coefficient of 121 
performance (COP) and seasonal performance factor (SPF) are parameters to evaluate the 122 
performance of HPs [4]. HPs are divided into air source heat pump (ASHP), ground source heat pump 123 
(GSHP), water source heat pump (WSHP) and soar assisted heat pumps (SAHP). Depending on the 124 
purpose of application, climate conditions, technical and economic parameters, each of them has its 125 
own advantages and disadvantages.  126 

Table 1 lists of review papers on solar-assisted ASHPs (SAASHPs, vapour-compression HPs). 127 
Two approaches to solar boosting that have reported are direct expansion SAASHP (DX-SAASHP) 128 
[5-9] and indirect expansion SAASHP (IX-SAASHP) [10-23]. In the DX-SAASHPs, refrigerant is 129 
circulated directly through the solar collectors which serve as the HP evaporator. Investigations on 130 
DX-SAASHPs were devoted to exergy analyses, performance evaluation of the entire system and 131 
individual components, refrigerants, component and system modelling, solar thermal collector 132 
modelling, optimal design and control, various applications such as hot water (HW) provision, space 133 
heating (SH), drying, desalination, vaporisation of liquid fuels. From these reviews, further trends 134 
were identified such as the use of DX-SAASHP for space cooling (SC), developing highly 135 
efficient/low-cost/building-integrated collector-evaporator, establishing DX-SAASHP 136 
standardization for the design/production and assembling, and exploring optimal control strategies. 137 
DX-SAASHPs have not been widely used compared with IX-SAASHPs. In IX-SAASHPs, an 138 
intermediate heat transfer fluid is circulated through the solar collectors and the installation is 139 
simplified but requiring an additional heat exchanger. An IX-SAASHP performs better than either 140 
ASHP [24] or solar heating [25]. For example, application of serial IX-SAASHP in Canadian 141 
domestic sector reduced GHG emission by 19% [26]. The use of an air source evaporator in addition 142 
to a solar collector allows extracting heat from the ambient air when solar radiation is not available, 143 
which expands the capability of the system. However, there is an issue of frost formation of the 144 
outdoor unit when the ambient air temperature is below zero, especially in humid regions. The COP 145 
and SPF of the system can be improved by integrating thermal energy storage (TES) [27, 28]. 146 
Reviews on IX-SAASHPs focused on types of solar collectors including photovoltaic/thermal, energy 147 
and exergy analyses, components modelling, environment-friendly refrigerants, system performance 148 
and efficiency parameters, hydraulics and control, mathematical modelling approaches (artificial 149 
neural networks, life cycle assessment, TRNSYS, etc.), improvement in cycle design (cascade cycle, 150 
ejector enhanced cycle, etc.), different applications (SH, drying, desalination, etc.), and market and 151 
economic analyses.  152 
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 153 
Table 1 154 
 155 

Many theoretical, numerical simulations and experimental studies on SAASHP have been 156 
conducted in recent years. The utilization of SAASHP for HW and/or SH as well as SC has shown 157 
great achievements in decarbonization of heating and cooling. So far� few comprehensive reviews 158 

have focused on recent advances in SAASHPs for the use in domestic sector. This paper was 159 
motivated to thoroughly review the research developments in SAASHPs for domestic heating. This 160 
paper aims at providing a comprehensive review on the state-of-the-art of SAASHPs. Figure 1 161 
summarizes the framework of this review paper. This review is structured in such a way that the 162 
influence of three key components: solar thermal collectors, TES (sensible and latent heats) and air 163 
source evaporator including defrosting methods. 164 
 165 
Figure 1 166 
 167 
2. Design of solar-assisted air source heat pumps 168 
 169 

SAASHPs (see table 2) include DX-SAASHP, IX-SAASHP and hybrid systems. In the DX-170 
SAASHPs, the solar collector serves as an evaporator whereas in the IX-SAASHPs, a heat exchanger 171 
connects the refrigerant and water loops. The DX-SAASHPs mainly include basic and dual-source 172 
DX-SAASHPs. Compared with basic DX-SAASHP, the dual-source DX-SAASHP has an extra air 173 
source heat exchanger [29]. The IX-SAASHPs mainly include serial and dual-source systems. In the 174 
IX-SAASHPs, a heat exchanger is used to transfer heat from the solar collector to refrigerant. In the 175 
hybrid system, an ASHP is parallel to the solar HW loop. Some special SAASHPs have been studied, 176 
such as two-stage DX-SAASHP, vapour ejector-enhanced DX-SAASHP, auto-cascade IX-SAASHP, 177 
composite IX-SAASHP and trans-critical hybrid system.  178 
 179 
Table 2 180 

 181 
The performance of SAASHP is evaluated by COP, SPF and solar fraction (SF). COP is defined 182 

by Eq. (1) [30] 183 
 184 
678 = &%*/2;*;                                                                                                                                                 (1) 185 
                                                                                                               186 

where &%* is the heating capacity and 2;*; is the total work done by the compressor, fans and pumps 187 
given by Eq. (2)  188 

 189 
2;*; = 2%3 +23=+3 +2>,/                                                                                                                     (2) 190 

 191 
SPF is the seasonal performance factor that evaluates the efficiency over the whole heating 192 

season, the ratio of the total thermal energy delivered by the SAASHP to the total electric energy 193 
consumed by compressor, pump and fan, given by Eq. (3). 194 

 195 
?8@ = ∫&%* BC	/ ∫2;*;

	BC                                                                                                                                       (3) 196 

 197 
where t is time. 198 

The SF is the solar fraction defined by Eq. (4) [31] 199 
 200 
 ?@ = (&$% − &)*$$) &'(⁄                                                                                                                              (4) 201 

 202 
where &$% is the average amount of thermal energy collected by a solar collector,  &)*$$ is the heat 203 
loss of the system and &'( is the heating demand of the building. 204 
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The investigations methods on various SAASHPs available in literature are briefly summarised 205 
in table 3. It is apparent that basic DX-SAASHP and serial IX-SAASHP draw most attention. 206 
Experiments and theoretical analyses are two of the most common research methods. Simulation 207 
methods, especially using TRNSYS software, is mainly employed to study IX-SAASHP. 208 
 209 
Table 3 210 

 211 
2.1 Direct expansion system 212 

 213 
The DX-SAASHPs (see Figs. 2 and 3) use solar collectors as their evaporators to achieve higher 214 

COP due to higher evaporation temperature. Simulation results by Chow et al. showed a year-average 215 
COP of 6.46 [32]. Bare solar collectors (roll-bond evaporators) are preferably used in DX-SAASHPs 216 
to reduce the solar radiation loss by glass reflection and to extract thermal energy from ambient air. 217 
 218 
Figure 2 219 
 220 
Figure 3 221 
 222 

Figure 3 shows the ideal thermodynamic cycle on the P-h diagram of the DX-SAASHP system. 223 
The superheating at the inlet of the compressor and the subcooling at the outlet of the condenser are 224 
indicated. In the actual cycle, the flow resistance results in significant pressure drop at the outlets of 225 
the evaporator and the condenser. 226 

Evaporator can be arranged in series or parallel to the solar collector in DX-SAASHPs. Figure 227 
4 shows a serial evaporator-collector system for HW [29]. This system has COPs ranging from 3.5 to 228 
2.5 as water temperature increasing from 30 oC to 50 oC. Figure 5 shows a parallel dual-source DX-229 
SAASHP [34]. This system exhibits better COP than the DX-SAASHP shown in Fig.3, especially at 230 
low solar irradiance [33, 34, 35]. The heat transfer rates in the solar collector and evaporator affect 231 
the distribution of refrigerant flows and hence determine the COP. Experimental results showed the 232 
COP of a DX-SAASHP in solar-source solely mode 30%-50% higher than that in ASHP mode [33]. 233 
Numerical simulation results showed that the averaged COP of a DX-SAASHP in dual-source mode 234 
is 14.1% higher than that in solar-source-only mode in low solar irradiance of 100 W/m2 [34]. 235 
 236 
Figure 4 237 
 238 
Figure 5 239 
 240 

The DX-SAASHP of two-stage vapour-compression cycles has been developed for high 241 

temperature (60-90 � ) application (see Fig. 6) [36]. Figure 7 shows the two-stage vapour-242 

compression cycles on T-s diagram. The refrigerant evaporates in the solar collector to saturation 243 
state (8-1) and is compressed by the low-pressure compressor (1-2).  The superheating vapour (2) is 244 
cooled in the flash tank by saturated liquid (7) up to saturated vapour (3). In the low-pressure cycle, 245 
the refrigerant is throttled in the expansion valve (7-8) and feed the evaporator in the 8 state. For the 246 
high-pressure cycle, the saturated vapour is compressed by the high-pressure compressor (3-4) and 247 
then condensed in the condenser (4-5), and finally expands at the expansion valve (5-6). 248 

 249 
Figure 6 250 
 251 
Figure 7 252 
 253 

Kuang and Wang designed a multi-functional DX-SAASHP for SH, SC and HW provision, with 254 
a radiant floor, a fan and a water tank [37]. The experiment expresses a COP of 2.1-2.7 for SH-only 255 
mode. In SC-only mode, this system adopts a storage tank to balance the night cold thermal energy 256 
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storage and the daytime demand, but the cold energy storage efficiency (30%) and COP (2.9) are not 257 

satisfactory. In HW-only mode, the cycle provides 200-1000 litre HW with a temperature of 50 � 258 

daily. It should be noticed that this system is only studied in single-function modes. In multi-function 259 
mode, the interaction among components may result in heat losses and requires more energy input. 260 
The system in the multi-function mode needs to be further studied.  261 

Vapour ejection can reduce pressure ratio of compressors and thus improve system efficiency. 262 
Zhu et al. proposed a dual-nozzle vapour�ejector to assist compressor and to reduce the energy 263 

consumption [38]. The arrangement of the vapour-ejector enhanced DX-SAASHP, as well as its p-h 264 
diagram and vapour ejector construction are shown in Fig. 8 (a), (b) and (c). The dual-nozzle vapour 265 
ejector connects the low-temperature (air source) and the high-temperature (solar source) evaporators. 266 
The simulation results of this system show that the COP and heating capacity are 4.6%-34% and 267 
7.8%-52%, respectively, higher than those of the conventional vapour ejector-compression cycle. The 268 
ratio of pressures can be further reduced for a larger temperature difference between the two 269 
evaporators. 270 
 271 
Figure 8 272 
 273 

The vapour ejector enhanced DX-SAASHPs have been further developed in [39] and [40] (see 274 
Fig. 9-10). In [39], the superheated vapour discharged by the compressor condenses (2-3) and then 275 
flows into the throttle valve (3-4) and the liquid pump (3-6), respectively. The low-pressure stream 276 
absorbs heat from air source (4-5). The high-pressure stream evaporates to the superheated vapour in 277 
solar collector (6-7). The superheated vapour works as the primary flow of the vapour ejector and 278 
expands to a two-phase flow with little liquid (7-7’) to entrain the vapour from the evaporator (5-5’). 279 
The two streams are mixed in the mixing chamber (8) and are then compressed in the diffuser (8-1) 280 
and the compressor (1-2). Theoretical analysis suggests that, compared with the conventional HP, this 281 
system can lead to increases by 15.3%, 38.1% and 52.8% in the COP, heating capacity and heating 282 
exergy output, respectively. 283 
 284 
Figure 9 285 

 286 
An adjustable DX-SAASHP system with a solenoid valve between the condenser and the vapour 287 

ejector was analysed theoretically [40]. It has a pure vapour ejector-compression mode and a pure 288 
solar-assisted vapour ejector-compression mode. The superheated refrigerant vapour condenses to 289 
saturated or subcooled states (2-3). In mode A, the liquid works as the primary flow of the vapour 290 
ejector directly. In mode B, the liquid evaporates (3-4) in solar collector and then works as the primary 291 
flow. The two-phase fluid is separated into saturated liquid (5-6) and saturated vapour (5-1) in the 292 
phase separator. The liquid part expands to two-phase fluid (6-7) and then evaporates to saturated or 293 
superheated states (7-8). This is the secondary flow of the vapour ejector. The vapour part is then 294 
compressed (1-2). The simulation results suggest that the COP and heating capacity are 13.8% and 295 
20.4% higher than those of the conventional vapour-ejector enhanced vapour-compression HP. On 296 
average, this cycle outperforms the vapour-compression HP in COP by 25.1%. However, these 297 
concepts lack validations from practical experiments. 298 

 299 
Figure 10 300 
 301 
2.2 Indirect expansion system 302 
 303 

IX-SAASHPs include serial and dual source systems. In serial IX-SAASHPs, the thermal energy 304 
collected by the solar collector heats up the water in the water loop and the hot water is circulated to 305 
the evaporator of the HP. Dual-source IX-SAASHP enables both ambient air and solar energy as the 306 
heat sources. Generally, the systems of IX-SAASHPs are more complicated than DX-SAASHPs. 307 

Serial IX-SAASHPs use the thermal energy collected by the solar collector as the heat source. 308 
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To balance the heat demand and supply, TES connects either to the solar collector and the evaporator 309 
(see Fig.11(a)) or to the condenser and the end use (see Fig.11(b)). The TES also works as a buffer to 310 
reduce the noise and voltage shocks caused by the frequent start-up and shutdown of HP. In Fig.11(a) 311 
SH by air is achieved by condensers placed in rooms. In Fig.11(b) SH by water is achieved by 312 
circulating hot water to radiators. Although the utilisation of solar thermal energy increases the HP 313 
performance, the system COP is apparently lower than that of the HP due to the power consumed by 314 
the additional components. Experimental results of a serial IX-SAASHP showed the HP COP of 3.8 315 
and its system COP of 2.9 [41]. Experimental results of a similar serial IX-SAASHP showed the HP 316 
COP ranging from 2.5 to 3.5, and the system COP is around 20% lower [42]. Figure 12 illustrates a 317 
serial IX-SAASHP with dual TES tanks [43]. Compared with IX-SAASHPs in Fig.11 (b), this system 318 
can reduce the frequency of HP start-up and shutdown.  319 

 320 
Figure 11 321 
 322 
Figure 12 323 
 324 

Figure13 shows a dual source IX-SAASHP which utilises both solar thermal energy and ambient 325 
air as the heat sources. Two evaporators are separately connected to an air-water heat exchanger and 326 
solar collector loop. A TES tank is in the solar collector loop. The HP provides HW and SH by air. 327 
Cai et al. conducted numerical and experimental studies of a multi-functional dual-source IX-328 
SAASHP [44]. In HW mode, when the solar water temperature increases from 20 oC to 35 oC, the 329 
electricity consumption increases by 16.5% and the COP increases by 15.9%. The COP increases 330 
from 2.35 to 2.57 with the solar irradiance increasing from 0 to 800 W/mK. In SH mode, when the 331 
solar water temperature increases from 20 oC to 40 oC, the COP increases by 20.2%, and the heating 332 
capacity increases by 42.6%. While the COP decrease by 26.3% and heating capacity decreases by 333 
7.5% with the increase in indoor air temperature from 16 oC to 28 oC. 334 

 335 
Figure 13 336 
 337 

Numerical simulations were performed to compare the performance amongst the serial and dual-338 
source IX-SAASHPs and hybrid SAASHP [46]. The results show that a hybrid SAASHP using a solar 339 
collector of 14 m2 achieves an SPF of 3.65 and consumes 2317 kWh electricity, while a serial IX-340 
SAASHP using a solar collector of 30 m2 achieves an SPF of 3.53 and consumes 2401 kWh electricity. 341 
A dual-source IX-SAASHP using a solar collector of 14 m2 achieves an SPF of 3.70 and consumes 342 
2289 kWh electricity. It is seen that the performance of the dual-source IX-SAASHP and hybrid 343 
SAASHP are almost the same. Due to the system simplicity the hybrid SAASHP is more attractive. 344 
However, some experimental studies draw opposite conclusions. Experimental studies in [47,48] 345 
show a COP of 4.0 of a serial IX-SAASHP and a COP of 3.0 of a hybrid SAASHP, respectively. 346 
Experiments in [49] found that a serial IX-SAASHP can reach a COP of 2.95, and a dual-source IX-347 
SAASHP can reach a COP of 2.90. 348 

Figure14 shows a novel component and system configuration proposed based on conventional 349 
IX-SAASHP [50]. The composite heat exchanger is used to replace the conventional water-to-water 350 
heat exchanger in serial IX-SAASHPs to absorb solar thermal energy and thermal energy from 351 
ambient air. A composite heat exchanger is designed by inserting a tube into a finned tube. Hot water 352 
from the solar loop flows inside the inner tube and refrigerant flows in annulus. This system has three 353 
working modes i.e. solar-only, air-only and dual-source modes. Experimental results show that, 354 
compared with the air-only mode, in the dual-source mode, the COP increases by 59% and the heating 355 
capacity increases by 62% at the ambient temperature of -15 oC. When the temperature difference 356 
between solar water and ambient air is 5 oC, the COP and heating capacity in the dual-source mode 357 
are 49% and 51% higher than those in the air-only mode. 358 
 359 
Figure 14 360 
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 361 
The use of two coupled compression cycles may incur high capital costs and electricity 362 

consumption. To reduce energy costs, a solar-assisted auto-cascade HP using a single compressor 363 
with zeotropic mixture R32/R290 has been proposed to maintain a wide range of outdoor air and 364 
heating circuit temperatures (see Fig. 15) [52]. To achieve an auto-cascade cycle, a phase separator is 365 
used with the cascade heat exchanger. The compressed superheated vapour (1-2) condenses to 366 
saturated or subcooled liquid (2-3). Then the liquid flows through the sub-cooler I (3-4) and expansion 367 
valve I (4-5) into the flash tank, where the two-phase fluid absorbs heat from the solar heating loop 368 
(5-6). The refrigerant is separated into the R290 dominant liquid (6-6l) and the R32 dominant vapour 369 
(6-6v). The R290 dominant liquid is passed through expansion valve II (6v-7) to the cascade heat 370 
exchanger and vaporised completely (7-8). The R32 dominant vapour is transferred to the cascade 371 
heat exchanger (6v-9) and thoroughly condensed via the sub-cooler II (9-10). Then the condensed 372 
fluid goes to the low-temperature evaporator through expansion valve III (10-11), absorbing heat 373 
from ambient air (11-12). Fluids from the low-temperature evaporator flow back through the sub-374 
cooler II (12-13). Then it (13-14) is mixed with the vapour from cascade heat exchanger (8-14) and 375 
returned to the compressor through the sub-cooler (14-1). Simulation results suggest that, compared 376 
with conventional ASHP, this novel system increases COP and volumetric heating capacity by 4.2%-377 
9.9% and 4.4%-9.7%, respectively. These improvements greatly rely on the heat absorption ratio and 378 
the composition of the zeotropic mixture.  379 

 380 
Figure 15 381 
 382 

Figure 16 illustrates a composite IX-SAASHP with an HP parallel to the solar collectors in the 383 
cold weather conditions in Canada [53, 54]. The hot water leaving the solar collectors is further heated 384 
up in the condenser of the HP and then heat up the water in the TES tank. The HP absorbs residual 385 
heat after the heat exchange and cools the water entering the solar collectors. The reduced collector 386 
inlet temperature improves the collector efficiency and thus the COP. It requires a lower capacity HP 387 
and consumes less electricity. 388 

 389 
Figure 16 390 
 391 
2.3 Hybrid system 392 
 393 

In hybrid SAASHPs (see Fig.17), ASHP and solar collector water loop work independently. In 394 
Fig.17(a) HW and SH by air is achieved by an ASHP and a solar heating with a TES tank. In summer, 395 
the ASHP can provide SC. In Fig.17(b) an ASHP and a solar collector loop provide hot water to a 396 
TES tank to achieve SH by water. Compared with serial systems, the hybrid SAASHPs are more 397 
widely used [10]. 398 
 399 
Figure 17 400 
 401 

A single-stage vapour-compression HP cannot deliver heat above 50 °C at low ambient 402 
temperatures. To increase the temperature range between the outdoor air and the heating circuit, two-403 
stage cascade HPs are used in the cold climate regions or to ensure the demand for a higher 404 
temperature lift. A solar-assisted two-stage cascade HP is proposed by Yerdesh et al. [51] where solar 405 
thermal collectors and a cascade ASHP simultaneously heat up the hot water in the TES tank (see 406 
Fig.18). It was shown that combining a cascade ASHP with solar collectors increases energy 407 
efficiency by 30% compared with a conventional two-stage cascade HP. The cascade HP includes 408 
two single-stage cycles that operates separately with two different refrigerants, the low temperature 409 
cycle (LTC) and high temperature cycle (HTC). Using R32/R290 refrigerant pair, this system can 410 
have the maximum COP of 2.4 when the condensing temperature is 50 oC and evaporating 411 
temperature is -10 oC. 412 
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 413 
Figure 18 414 
 415 

A solar thermal collector can be integrated in a hybrid trans-critical carbon dioxide (CO2) HPs 416 
for SH, SC and HW (see Fig. 19) [55, 56, 57, 58]. In SH and HW mode, the COP and heating capacity 417 
are about 2.3 and 6 kW [57, 58], while in SC mode the COP and heating capacity are 4 and 8 kW, 418 
respectively [55].  419 
 420 
Figure 19 421 
 422 
3. Solar collector 423 
 424 

Solar collector is an important component for thermal energy input of SAASHPs. Flat plate 425 
collector is commonly selected in recent studies. To absorb more thermal energy from ambient air, 426 
the collector/evaporator is designed by coating solar selective materials on the surface of an 427 
evaporator. Collector/evaporator is mainly used in DX-SAASHPs. In IX-SAASHP, evacuated tube 428 
solar collectors draw more attention. Figure 20 introduces the matching relation between solar 429 
collectors and system configurations. Table 4 lists some open literature where collector/evaporator 430 
and evacuated tube collector have been employed in SAASHPs. It can be noticed that systems using 431 
advanced solar collector can achieve a COP of 3-5. Especially, those for SH can work at ambient 432 

temperature below 0 �. 433 

 434 
Figure 20 435 
 436 
Table 4 437 

 438 
The thermal energy collected by a solar collector, &$%, is determined by Eq. (5) [59] 439 

 440 
Qsc = AEscηsc{1-a[(Tsc,in-Ta)/L]+b[(Tsc,in-Ta)/L]2}                                                                                            (5) 441 
 442 

where L, #$% , and 4$%  are the area, the average amount of energy received per square meter and 443 
collector efficiency, respectively, a and b are coefficients determined by experiments, .$%,0/  is the 444 
water/refrigerant temperature at the inlet of solar collector, Ta is the temperature of ambient air, and 445 
L is the average monthly value of atmosphere lucidity.  446 
 447 
3.1 Flat plate solar collector 448 
 449 

Flat plate collectors are commonly adopted in SAASHPs. Bare (uncovered) flat plate collectors 450 
enable to use thermal energy from solar radiation and ambient air. The experiment of Sun et al. [60] 451 

suggests that, at the outdoor temperature of 0 -10 �, the collector efficiency of a bare solar collector 452 

ranges from 40% to 70%, where water vapour condensation occurs on the solar collector. The 453 
experiment study of Scarpa and Tagliafico [61] suggests that, due to water vapour condensation on 454 
the solar collector, a DX-SAASHP using a bare collector achieves a COP of 5.8 at weak solar 455 
radiation. 456 

There is a noticeable influence of collector area on system performance. Increasing collector 457 
area can enhance the SF of a SAASHP [30], almost in a linear relation [62]. Larger collector area can 458 
improve COP since it brings more solar energy input [63]. Both system configuration and collector 459 
area affect collector efficiency. With the same collector area of 30 mK, the collector in a serial IX-460 
SAASHP shows higher collector efficiency (62%-70%) than that in a hybrid SAASHP (with a 4$% of 461 
54%-60%) [47, 48]. With a smaller collector area of 20 mK in a serial IX-SAASHP, the collector 462 
efficiency ranges from 33% to 47% [41]. 463 
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To improve collector efficiency, collector plate can be coated with black paintings [31, 43, 46, 464 
47, 48, 64, 65, 66, 67, 68, 69]. Some collectors use serpentine tube or other special tubes between the 465 
plates [35, 65, 70]. The simulation results of a DX-SAASHP using an uncovered and coated collector 466 
with serpentine tube over a year showed daily COPs varying from 1.7 (in summer) to 2.5 (in autumn) 467 
with an average value higher than 2.0. [65]. The simulation results of a DX-SAASHP using a flat 468 
plate collector with spiral tube showed monthly COPs between 4.0 (in summer) and 6.0 (in winter) 469 
[70]. The “contradictory” COPs in summer and winter are due to the high water temperature in 470 
summer which leads to high condensation temperature and low system efficiency. In terms of effect 471 
of weather conditions, the simulation results of a DX-SAASHP using a flat plate collector with 472 
serpentine tube showed COPs from 3.83 to 4.69 in sunny days [71]. Especially, in rainy winter, the 473 
average COP can still achieve 3.3, with the lowest COP of 2.51. Similar conclusions can be drawn 474 
from experiments where the average COPs vary from 5.21 to 6.61 [72, 73]. At a rainy night, COP 475 
can still reach 3.11 [74].  476 

A novel flat plate collector is shown in Fig. 21 [67]. With an area of 11 mK, this novel collector 477 
achieves an average collector efficiency of 67.2% at low operating temperature in a serial IX-478 
SAASHP. The system COP is 2.19 and the COP of HP is 2.55. As a comparison, another serial IX-479 
SAASHP using a conventional flat plate collector obtains a collector efficiency of 60.1% but a system 480 
COP of 3.08 [75].  481 

 482 
Figure 21 483 
 484 
3.2 Solar collector/evaporator 485 
 486 

The heating reliability of DX-SAASHP is better than that of direct solar heating, but still worse 487 
than that of ASHP. To further improve the reliability of DX-SAASHP, both solar and ambient thermal 488 
energies can be used by adding an air evaporator or using an uncovered flat plate collector. For 489 
example, a collector area of 3.24 mK is considered ideal for an uncovered flat plate collector in a DX-490 
SAASHP [76].  491 

To earn higher year-average COP, a larger flat plate collector can be used but it is not economical 492 
[32]. Kaygusuz suggests that, when the number of collectors is doubled, COP is increased by 37% 493 
while the cost is increased by 65% [31]. Thus, to improve COP at low cost, collector/evaporator, 494 
designed by coating evaporator surface with solar selective materials, is a good alternative to extract 495 
more thermal energy. The average COP of a system using finned tube collector/evaporator is 2.94, 496 
increasing by 8.1% than that of conventional ASHP [77]. The average heating efficiency and exergy 497 
efficiency are raised by 20% and 8%, respectively.  498 

 499 
3.3 Evacuated tube solar collector 500 
 501 

IX-SAASHPs and hybrid SAASHP for SH require large collector area of flat plate collector. For 502 
a serial-hybrid SAASHP, a simulation study reveals a reasonable collector area of 35 mK for a covered 503 
flat plate collector [66]. To obtain a smaller system, the evacuated tube collector is an alternative. 504 
Simulation and experimental results of a serial IX-SAASHP using evacuated tubes show the 505 
maximum COPs of 6.33 and 6.38, respectively [78]. For a hybrid SAASHP using evacuated tube 506 
collectors, the COP can be around 5 at the highest daily solar irradiance [79]. The evacuated tube 507 
collector can be integrated with latent TES to further improve the thermal performance. For example, 508 
an experiment of a serial IX-SAASHP using both evacuated tube collector and latent TES shows a 509 
COP of 10.03 [80].  510 
 511 
4. Thermal energy storage 512 
 513 

TES is used to balance the energy demand and supply. It is essential for SAASHPs to mitigate 514 
solar energy discontinuity since an overcast for more than 20 minutes can lead to an apparent decrease 515 
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in outlet temperature of the collector [83]. Both sensible and latent heat TESs are used in SAASHPs. 516 
The seasonal TES is suitable to regions with larger seasonal variations of solar energy availability 517 
and heating demand. Table 5 summarizes the studies involving latent heat and seasonal TESs. The 518 
studies on the sensible heat TES are summarized in tables 6 and 7. On average, with optimisation in 519 
storage methods, systems can perform better with an SPF around 4-5.   520 
 521 
Table 5 522 

 523 
4.1 Sensible heat thermal energy storage 524 
 525 

Typical air, geothermal and water source HPs make use of sensible heat as heat sources. The 526 
sensible heat can also be used to store thermal energy. Water and soil are widely used as the mediums 527 
for sensible heat TES. The maximum capacity for sensible heat TES, &+,-, is determined by Eq. (6) 528 
[30] 529 

 530 
&+,- = 5M!"(.+,- − .+0/)                                                                                                                           (6) 531 

 532 
where 5, M and !" are the density, volume and specific heat capacity of the TES medium. .+,-  is the 533 

temperature of TES tank fully-charged and  .+0/ the temperature of TES tank fully-discharged.  534 
Geothermal TES can be integrated into a serial IX-SAHP using boreholes as the TES container 535 

(see Fig. 22) [84]. A numerical simulation of a solar-geothermal hybrid HP showed that the system 536 
can save energy by 2.08 TJ per year, equivalent to 70-ton standard coal and corresponding to 234-ton 537 
carbon dioxide emission [85]. An experiment demonstrated that the utilisation of ground TES helps 538 
to improve the COP from 2.95 to 3.36 compared with SAASHP [49]. However, since a deep borehole 539 
is required for sufficient heat exchange with ground, the excavation increases the installation cost of 540 
geothermal heat exchangers. Moreover, the heat stored in summer may not equal to the heat extracted 541 
in winter, influencing underground temperature balance [85].  542 

 543 
Figure 22 544 
 545 

Water TES is more popular than geothermal TES since water has higher thermal capacity and 546 
the manufacturing of water tanks requires much less capital cost. Water tank with high degree of 547 
thermal stratification shows 5.3% energy saving over one year than fully-mixed water tank [86] 548 
because uniform distribution of water temperature reduces exergy [87]. Diffusers can be used to 549 
enhance thermal stratification. This increases energy efficiency of the system by 15%-20% compared 550 
with that using fully-mixed water tank [88]. Low water flow rate contributes to high degree of thermal 551 
stratification. Therefore, the water flow rate can be optimized considering the heating capacity and 552 
COP [44]. Water TES can be integrated with other components for heat recovery. An early study of 553 
a DX-SAASHP nested the evaporator/collector into a solar pond (TES) [89]. It achieved a COP higher 554 
than 3.0 in winter and the maximum COP of 8.4 in summer. A numerical simulation showed that 555 
recovering heat from waste-water stored can enhance the SPF of a SAASHP from 4% to 20% and 556 
recovering heat from drain water can improve the SPF by 2% [90].  557 

 558 
4.2 Latent heat thermal energy storage 559 

 560 
Latent thermal energy is embodied in phase change material (PCM) at a constant temperature 561 

and is greatly larger than sensible thermal energy. A study on a serial/dual-source IX-SAASHP 562 
suggests that latent heat TES can increase the COP by 6.1% and 14% on sunny and cloudy days [81]. 563 
Another study designs a multi-function system which uses solar energy, latent TES and ground source 564 
[91]. In the latent TES mode, this SAHP achieves an average COP of 4.86, almost twice of that in the 565 
GSHP mode. When the latent heat TES is used as a heat source, a COP of 4.67 has been achieved. 566 

PCMs are commonly stored in tanks and their storage efficiency is hardly influenced by system 567 



 12 

configurations. For example, for both serial IX-SAASHPs and hybrid system, the storage efficiencies 568 
of PCM-filled tanks are equal at 63% [47, 48]. Due to some characteristics of PCM, such as the 569 
volume change during phase change process, tank selection for latent heat TES differs from that for 570 
sensible heat TES. Using a rectangular tank can decrease the melting time by 50% compared with 571 
using a cylindrical tank with the same volume and heat transfer area [92]. 572 

A novel triple-sleeve heat exchanger has been proposed as shown in Fig. 23 [93]. Refrigerant 573 
flows in the inner tube and PCM is filled between the inner and the middle tubes. Heat transfer fluid 574 
absorbs thermal energy in the solar collector and flows inside the outer tube. The effect of temperature 575 
of the heat transfer fluid on TES is higher than that of its flow rate. Ni et al. investigated a SAASHP 576 
with this triple-sleeve heat exchanger [94]. Compared with an ASHP, at an ambient temperature above 577 

38 �, cooling COP of the SAASHP using the novel heat exchanger is 17% higher; at an ambient 578 

temperature below -10 �, heating COP of this system is enhanced by 65% [95].  579 

 580 
Figure 23 581 
 582 

Commonly used PCMs include paraffin, calcium chloride (CaCl2), sodium sulphate (Na2SO4) 583 
and ice slurry. A novel serial/dual-source IX-SAASHP with paraffin for latent heat TES shows 584 
improvement in COP, especially on cloudy days [119]. A serial-hybrid SAASHP using CaClK as the 585 
TES medium reaches a seasonal COP of 4.5 with a storage efficiency of 0.62 [96]. Generally, PCMs 586 
have poor thermal conductivity, which leads to higher thermal resistance and lower heat transfer. It 587 
also increases the time of charging and discharging processes, and thus impacts the overall system 588 
efficiency. However, studies involving both sensible and latent heat TESs suggest that the latent heat 589 
TES is superior to sensible heat TES. A dual-tank serial IX-SAASHP using NaKSOT shows a COP of 590 
10.03, about 3.5 times higher than that of a system only using sensible heat TES [80]. The collection 591 
efficiency (the ratio of thermal energy stored in water or PCM to the collected solar thermal energy) 592 
increases by 50% when the latent heat TES is used, while the influence of the sensible heat TES is 593 
negligible. Another dual-tank serial IX-SAASHP using ice slurry as the PCM reaches an SPF of 4.6, 594 
where solar energy meets 78% of the heat demand [62]. 595 

Water/ice is the most available and eco-friendly PCM. Compared with an electrical resistance 596 
heating system, a serial IX-SAASHP using ice slurry as the PCM saves energy consumption by 86% 597 
[54, 97]. However, a SAASHP using sensible heat TES can also save 81% of energy consumption. A 598 
model of a reversible ice storage tank, which uses three plate heat exchangers: two attached on the 599 
tank wall and one inserted in ice, was proposed and validated for solar heating [98, 99]. Based on the 600 
model, the SPF of a SAASHP using ice storage is predicted to be around 5.0 [82]. For the ice storage 601 
buried in borehole, energy extraction can be influenced by ground properties [100]. Under two 602 
extreme ground conditions, energy injection of the two heat exchangers on the wall fluctuates by 6%, 603 
and the energy injection of the heat exchanger in ice significantly fluctuates by 20%. 604 

It should be noticed that increasing collector area or latent heat TES volume can improve system 605 
performance. Taking economic factors into account, to achieve the same performance, increase in 606 
collector area is more beneficial [46, 62, 82].  607 

 608 
4.3 Seasonal thermal energy storage 609 
 610 

Solar TES includes daily and seasonal storages. The daily storage stores solar thermal energy 611 
collected during daytime and releases it at night. The seasonal TES stores the solar thermal energy 612 
collected in summer for heating in winter and/or in winter for cooling in summer. The seasonal TES 613 
is suitable to high latitude regions where seasonal solar energy and heating demand are dramatically 614 
mismatched [101]. Seasonal TES allows solar energy to provide more than 50% of the annual heating 615 
demand [102]. Compared with daily TES, seasonal TES requires large storage volume and collector 616 
area, consequently high cost [30]. 617 

Commonly used mediums for seasonal TES include water, gravel-water, ground and aquifer. 618 
Different mediums require different start-up time to pre-heat surrounding soil up to normal operating 619 
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conditions [102]. Tanks using water and gravel-water need to be buried (partly) into the ground. The 620 
ground and aquifer are directly employed as underground TES mediums. The buried water tank can 621 
be independent to ground properties due to its good insulation [102]. This additional insulation cost 622 
can be partly compensated by lower excavation cost. The results of a serial IX-SAASHP using an 623 
underground hemispherical surface tank for seasonal TES suggest that a small burial depth is capable 624 
of achieving desired annual COP and temperature of the storage tank [68, 69]. The aquifer and ground 625 
TESs have better economic efficiencies than burial tanks [103]. Combining cost effective methods 626 
with high thermal capacity methods may optimise the system performance. For example, a system 627 
combining hot water and ground storages achieves an SF of 74% and a system COP of 4.4 [104]. It 628 
is worth noting that the change in ground temperature may bring disadvantages to environment [30]. 629 

Water has higher specific heat capacity while solid mediums allow higher temperature range for 630 
higher TES capacity [105]. In the cold climate regions, since the heat loss increases with the increase 631 
in temperature difference between storage mediums and surroundings, low-temperature seasonal TES 632 
is suitable [106] and benefits for storage stratification and thus storage efficiency [107]. Lower 633 
temperature of the fluid entering solar collector also improves collector efficiency [108]. PCM is a 634 
promising medium for low-temperature seasonal TES. The size of the latent heat TES is much smaller 635 
than that of a sensible heat TES. Numerical simulations were conducted to examine the annual 636 
periodic performance of a dual-source IX-SAASHP using a seasonal latent heat TES [109]. This 637 
system achieves an SPF of about 4.2. 638 

 639 
5. Defrosting 640 
 641 

Frosting is an issue influencing the reliable operation and efficiency of ASHPs in winter, 642 
especially in humid regions. Frost build-up on the surface of evaporator deteriorates heat transfer and 643 
efficiency and eventually shutdown of ASHPs [110,111]. The mechanisms of frosting and defrosting 644 
on the surface of evaporator are reviewed in [112, 113, 114]. Song et al. [114] comprehensively 645 
reviewed the defrosting methods including cycle reversing [115], hot gas bypass [116], electric heater 646 
[117], dehumidification [118] and polymer coatings [119]. The principle of the cycle reversing, hot 647 
gas bypass and electric heater is to melt the frost layer. The periodic defrosting required not only 648 
consumes electricity but also cause mismatching to the heating demand. The cycle reversing requires 649 
a well-designed control strategy to balance the SH demand and effective defrosting [115]. The 650 
dehumidification requires replacing or regenerating desiccant periodically as the moisture absorption 651 
capacity drops [118]. The polymer coating enables the reduction of the surface free energy and ice 652 
adherence force and hence delays frosting [119], where the challenge is to sustain the performance of 653 
the coating surface.  654 

TES can assist the conventional defrosting methods [114, 120]. As shown in Fig. 24, a PCM 655 
storage is parallel to the condenser [121]. During the period of reverse-cycle defrosting, no thermal 656 
energy is provided for indoor SH. The stored heat assists to shorten the defrosting period by 38% 657 
[122]. The PCM storage is placed around the compressor to use the waste heat [123]. During the 658 
reverse-cycle defrosting, ASHP continues to provide SH because the stored waste heat is delivered to 659 
both indoor and outdoor heat exchangers. The defrosting time and total energy consumption is 65% 660 
and 27.9%, respectively, lower than conventional reverse-cycle defrosting. Over the whole test period, 661 
the COP and total heating capacity increase by 1.4% and 14.2% with the power input increasing 662 
12.6%.  663 
 664 
Figure 24 665 

 666 
Figure 25 shows an ASHP using a PCM-filled tank and an additional evaporator coated with 667 

desiccant in series [124]. This system enables continuous heat provision in both heating and 668 
regeneration modes. In the heating mode, air is dehumidified as it flows through the desiccant-coated 669 
evaporator (9) and then flows through the evaporator (12). Refrigerant is condensed in a condenser 670 
embedded in water TES tank (4) and then releases the residual heat in the PCM TES tank (6). 671 
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Refrigerant absorbs the latent heat released during air dehumidifying process in the desiccant-coated 672 
evaporator (9). This increases evaporation temperature of the evaporator (12) to avoid frosting. In the 673 
regeneration mode, refrigerant is condensed in a condenser embedded in water TES tank (4) and 674 
releases the residual heat for desiccant regeneration as it flows in two evaporators (9 and 12). The 675 
refrigerant vaporises as it flows through the PCM TES tank (6) and absorbs the stored thermal energy. 676 
Experimental results of this ASHP shows a COP of 2.81, 7.3% and 46.3% higher than those of hot-677 
gas bypass defrosting and electric heater [124]. Heating performance of ASHP is also superior to that 678 
of ASHP using reverse-cycle defrosting, especially in the cold weather conditions [125]. 679 

 680 
Figure 25 681 
 682 

For SAASHP, defrosting is only a concern for outdoor evaporators. Solar thermal energy helps 683 
to reduce frost on solar collector [126]. Kong et al. [127] numerically and experimentally studied a 684 
DX-SAASHP under frosting conditions. The results showed that frosting on solar collector can be 685 
significantly delayed. Experiments [128] show that the frosting on a solar collector is much slower 686 
than that on an evaporator and after a 6-hour experiment, frost is merely seen on the solar collector. 687 
At a lower solar irradiance of 100 W/m2 and a higher relative humidity of 70%, no frost is observed 688 

when the ambient temperature is higher than -3 �. 689 

 690 
6. Observations and outlook 691 
 692 
     Current studies on SAASHP focus on the match and optimisation of system configuration. 693 
However, there is a lack on the optimisation of each component and its matching application in 694 
SAASHP. This section summarises recent research status in terms of system configuration, solar 695 
collector, TES, working conditions, refrigerants and their influences on system performance. In 696 
addition to table 4 summarizing the details regarding the utilisation of collector/evaporator and 697 
evacuated tube solar collector and table 5 summarizing the details about the studies of SAASHPs 698 
using latent heat and seasonal TESs, tables 6 and 7 give the details of the typical studies of DX-699 
SAASHP and IX-SAASHP and table 8 gives the details of some advanced SAASHP configurations. 700 
The statistic summaries given in these tables provide an overall view of the studies on this topic and 701 
sufficient information for further analysis below. 702 
 703 
Table 6 704 
 705 
Table 7 706 
 707 
Table 8 708 
     709 

Working fluid determines the selection of compressor and therefore the corresponding 710 
components. Figure 26 summarises the number of open literature per year for SAASHPs using 711 
different refrigerants. It can be seen that, generally, the number of studies on SAASHPs shows an 712 
apparent increase in the past 10 years. Currently, refrigerants such as R22, R134a, R32, R410A  and 713 
R407C are normally used in HPs due to their good thermodynamic and thermophysical properties 714 
[20]. Due to the composition shift and temperature glide, the currently used mixed refrigerants have 715 
technical limitations [129]. The parameters that determine the environmental impacts of refrigerants 716 
are the ozone depletion potential (ODP) and global warming potential (GWP). These parameters are 717 
high for the specified refrigerants. International environmental protocols [130, 131, 132] have 718 
imposed restrictions on the use of refrigerants according to ODP and GWP parameters. According to 719 
the Kigali Agreement [131], natural refrigerants such as hydrocarbon refrigerants and carbon dioxide 720 
(R744) were found to be long-term sustainable options for HPs [20]. For example, the performances 721 
of R1270 and R290 are closer to that of R22 but their flammability requires more safety 722 
considerations while retrofitting [83]. Current studies on environment-friendly refrigerants with low 723 
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GWP, such as R32 and R290, are insufficient and need to be further investigated. R32 is a more 724 
environment-friendly alternative refrigerant to R410A in HPs and it is most commonly used in Japan 725 
for supplying HW. However, due to flammability (A2L) issues some countries are researching other 726 
retrofits, such as R454B. R290 is the most popular refrigerant for НРs in Europe not only for HW but 727 
also for SH applications. Recent increase in refrigerant inventory limit (IEC 60335-2-89 [133]) 728 
enables greener refrigerants such as R32 and R290 in these applications. 729 
 730 
Figure 26 731 
 732 

The geographic location affects solar availability and thus the research interests on SAASHP. 733 
Figure 27 shows the number of investigations on SAASHPs in different countries. It can be noticed 734 
that the majority of studies have been located in China (48%), Turkey (10%), the USA and Canada 735 
(5%). The studies in the UK is only 3%. SAASHPs for the domestic sector are mainly investigated 736 
by researchers from mid-latitude (20o - 50 o) countries where SH is required in winter and HW is 737 
required throughout the year under the medium solar energy availability and temperate climate 738 
conditions (-15 oC - 30 oC). SAASHPs for high-latitude areas need to be further investigated. 739 
 740 
Figure 27 741 
 742 

Generally, the higher solar irradiance leads to the higher COP of SAASHP [33, 71, 73, 77, 134, 743 
135, 136, 192]. For example, a numerical simulation of DX-SAASHP for HW has tested the effects 744 
of various parameters (see Figs. 28 and 29) [73]. As solar irradiance increases from 300 to 1000 W/m2, 745 
COP increases from 4.2 to 6. In this process, solar collector efficiency decreases from 1.5 to 0.85. It 746 
should be noticed that an uncovered collector is used in the study which absorbs thermal energy from 747 
both solar irradiation and ambient air. At lower solar irradiance, the collector mainly absorbs thermal 748 
energy from ambient air and achieves an efficiency over 1; at higher solar irradiance, the collector 749 
mainly absorbs thermal energy from solar energy and the efficiency is lower than 1 because of heat 750 
loss. For a covered collector, the trend is the same but less apparent [108]. 751 

 752 
Figure 28 753 
 754 

In terms of ambient temperature, as Fig. 29 shows, high ambient temperature leads to higher 755 
COP and collector efficiency [73]. With the increase of ambient temperature from 5 oC to 35 oC, COP 756 
increases from 4.5 to 5.7, and collector efficiency increases from 0.75 to 1.07 since as ambient 757 
temperature increases, collector can earn more thermal energy from air and thus increase efficiency. 758 

 759 
Figure 29 760 
 761 

The required output temperature has a negative linear influence on COP. As Fig. 30 shows, a 762 
study of a DX-SAASHP for HW concluded that the higher the output water temperature was, the 763 
lower system COP would be [35, 65, 70, 137]. As the output water temperature increases from 25 oC 764 
to 60 oC, the COP drops from 3.7 to 2.7 linearly. An experiment of a DX-SAASHP for HW shows 765 
that, with a rise of temperature difference between output water and ambient environment from 5 oC 766 
to 40 oC, COP drops from 5 to 2 (see Fig. 31) [138]. This is, as output water temperature increases, 767 
compressor discharge pressure increases, and therefore energy consumption increases [44]. In turn, 768 
as inlet source temperature decreases, compressor suction pressure decreases. The increase in 769 
pressure ratio brings lower COP. 770 
 771 
Figure 30 772 
 773 
Figure 31 774 
 775 
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Figure 32 summarises the effect of ambient temperature on COP of the SAASHPs for different 776 
end use in published papers. The advanced systems refer to the SAASHPs involving innovations in 777 
the aspects of solar collector, TES and system configuration. In this figure, the COP values are taken 778 
the average values and the ambient temperatures are taken the lowest values of the working conditions. 779 
The ambient temperature ranges from -15 oC to 30 oC and COP ranges from 2 to 8.5. Majority of the 780 
COPs obtained ranges from 2 to 6. Especially, an IX-SAASHP for SH using seasonal latent heat TES 781 
earned a COP of ca. 4.2 at -15 oC [109]. Similarly, another IX-SAASHP with seasonal TES for SH 782 
achieved higher COP of ca. 8.5 with a collector area of 40 m2 and a storage volume of 1960 m3 [68]. 783 
Interestingly, the COP values of two DX-SAASHPs shown in [32] and [139] vary significantly. This 784 
concerns many reasons. The DX-SAASHP in [32] uses R134a as the working fluid and uses an 785 
uncovered collector of 12 m2; the DX-SAASHP in [139] uses R22 as the working fluid and uses a 786 
covered collector of 2 m2. Overall, advanced IX-SAASHP is ideal for SH as well as HW, and DX-787 
SAASHP is more suitable to HW. For multi-functional SAASHP, advanced IX-SAASHP is the best 788 
choice. 789 
 790 
Figure 32 791 

 792 
Figure 33 summarises the number of open literature having different COP where COP values 793 

take the average of values given in the studies. It can be observed that the COP values of most of 794 
these SAASHPs are located in the range from 2.0 to 6.0. The dual-source IX-SAASHP achieves COP 795 
lower than 3.5. The hybrid SAASHP, serial IX-SAASHP, advanced DX-SAASHP and dual-source 796 
DX-SAASHP can achieve COP less than 6.  Both the DX-SAASHP and advanced IX-SAASHP can 797 
achieve COP higher than 6, promisingly up to 10.5. Considering economic aspect, DX-SAASHP and 798 
hybrid SAASHP shares similar payback period for around 4.5 years, while the payback period of 799 
serial IX-SAASHP is around 7 years [161]. 800 

 801 
Figure 33 802 
 803 

It can be concluded from the above that solar collector and thermal energy storage have 804 
significant influence on the system performance. The influences are displayed in Fig. 34, where the 805 
solid line represents the SPF and the dashed line represents the yearly electricity consumption, that 806 
larger collector area and storage volume lead to a higher SPF and lower electricity consumption [76, 807 
96, 135, 192]. According to Ito et al.’s [76] and Carbonell et al.’s [90] simulations, uncovered 808 
collectors are superior to covered collectors with a collector area lower than 15 m2. For larger 809 
collector area, covered collector with proper storage volume can help to achieve an SPF over 6. Small-810 
scale SAASHPs for the domestic sector require high-efficient solar collectors to reduce collector area 811 
at the same SF and working conditions. This may be achieved by auxiliary components, such as 812 
compound parabolic concentrator [55, 57, 58, 108]. Xu et al.’s [108] simulation revealed that a 813 
collector using compound parabolic concentrator and capillary tube absorber can achieve higher 814 
collecting temperature and higher collector efficiency than that of a flat plate collector at the same 815 
size. According to Ito et al. [76], collector plate thickness and tube pitch can affect system SPF 816 
according to plate material and ambient temperature. Larger plate thickness and lower tube pitch 817 
result in higher SPF. Simulation of an uncovered collector suggested that the influence of plate 818 
thickness is apparent at smaller thickness and tends to be less at larger thickness. Other parameters 819 
such as inclination angle of solar collectors hardly affect SPF and collector efficiency [41, 108].  820 
 821 
Figure 34 822 
         823 

Current studies on solar collectors mainly adopt the collectors designed for solar domestic HW. 824 
The specific collectors for SAASHP are needed to be developed, which should match the 825 
development of TES methods and the requirements of the SAASHP. Currently, for most systems 826 
using sensible heat TES, solar collector is expected to achieve higher outlet temperature to store more 827 
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thermal energy in the same storage volume. In the future, as PCM is adopted to improve TES 828 
efficiency and combined with defrosting for the smooth operation of systems with evaporator, e.g., 829 
hybrid SAASHP, the required collector outlet temperature can be lower, just above the phase change 830 
temperature. A novel control strategy proposed by Xu et al. can be used to control the fluid flow rate 831 
and outlet temperature of solar collectors based on working conditions, enabling optimization of 832 
SAASHPs [188]. 833 

Increasing investigations of SAASHPs are seen in the most recent years. Great efforts have 834 
been put to develop high efficient and compact components to match the working conditions of 835 
SAASHPs and hence to improve the system performance. Particularly, eco-friendly refrigerants such 836 
as R1234yf, R1233zd(E), R433A, R32 and R290 are used to deal with the global warming. 837 
 838 
7. Potential and barriers  839 
 840 

The world is actively decarbonizing the energy sector through the development, first, of the 841 
renewable electricity and the abandonment of hydrocarbon combustion based systems. HPs are of the 842 
greatest interest. Combining and hybridizing solar thermal collectors with HPs can significantly 843 
increase the performance of the system. The COP of HPs has increased substantially over the past 844 
years due to technical improvements. The integration of solar thermal energy will boost the COP 845 
even higher. According to IEA recent report on Solar Heating and Cooling Programme, in 2019 solar 846 
thermal systems provided 479 GW thermal energy. This is equivalent to save 43 million tons of oil 847 
and to avoid 138 million tons of CO2 emissions [189].  848 

In Europe and the UK are trying to standardize and commercialize SAHPs. For example, 849 
companies, such as Solamics Bunsen Air, mainly focused on DX-SAHP water heaters. As an 850 
evaporator in such DX-SAHP, so-called thermodynamic panel or roll-bond evaporator is used. This 851 
is simply an unglazed absorber plate of solar thermal collectors, which is shown in Fig.20 as a 852 
collector/evaporator. The main shortcoming of such evaporators is a huge heat loss due to non-glazing 853 
and isolation, but this is also an advantage, since in the absence of solar radiation, natural convective 854 
heat exchange with ambient air allows the evaporation process. With a high solar radiation intensity 855 
in the collector/evaporator, the refrigerant turns into a gaseous phase with large volumetric and 856 
superheating conditions, which may cause overheating of compressors with further mechanical 857 
failure. Therefore, finding efficient DX dual-source [38] configurations with forced convection type 858 
fan-coil evaporator assistance is of interest for further research. At the same time, there is a need for 859 
adaptation to specific climate conditions, taking into account the meteorological and consumer 860 
demand boundary conditions. This, in turn, leads to an optimal selection of other components, such 861 
as a compressor, expansion valve and condenser. 862 

In IX systems comprehensively discussed in section 2.2 solar thermal collectors are connected 863 
with vapor compression heat pump cycle through the water storage tank or intermediate heat 864 
exchanger. In this case, a heat pump of the "Water-Water" type is used, the evaporator and condenser 865 
of which is a brazed plate heat exchanger. In this case, the heat transfer fluid flows in solar collectors 866 
without phase changing. In this configuration, the processes in solar thermal part are more 867 
controllable and predictable. The use of solar collectors and air source evaporators in the SAASHP 868 
system can be dual-source IX-SAASHP or hybrid SAASHP. In the configurations presented in section 869 
2.2 and 2.3, the fan-coil evaporator is mainly used in the refrigerant circuit. Few studies are presented 870 
for an air source evaporator in a hydraulic circuit, where heat exchange occurs without phase changing. 871 
The search for the most optimal configuration for IX-SAASHP taking into account automated 872 
components and bringing it to the level of commercialization is the interest of the authors of the 873 
present review, in particular for UK case. 874 

Automation implies the use of electronic components instead of mechanical ones with an 875 
appropriate control algorithm and the use of sensors. An intelligent control algorithm for an 876 
automated system will allow systems to work with the highest efficiency, of course, after determining 877 
the efficient configuration of the DX-SAASHP and IX-SAASHP based on thermodynamic 878 
calculations and experiments. In this regard, VFD compressors and EEVs are of interest, which 879 
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separate the high and low-pressure sides of the vapor compression cycle. In HVAC systems, the VFD 880 
can be used in fans, pumps and compressors with variable loads. VFD compressors are of particular 881 
interest for DX types of the vapor compression cycle both solar and ambient air since intermittent 882 
nature of solar irradiation and variability of ambient air temperature. Due to the variability of the 883 
weather boundary conditions, the volumetric flow rate of the vaporous refrigerant through the DX 884 
evaporator will be different and, accordingly, the VFD will control the volumetric efficiency of the 885 
compressor. By adjusting the frequency of the electrical power supplied to the compressor motor, the 886 
VFD controls the rotational speed of the AC motor. The energy savings for compressors up to 35% 887 
in HVAC systems [190]. In low solar irradiation or ambient air temperature, which affects evaporation 888 
temperature the heating capacity of a heat pump decreases. Similarly, heat pumps with VFD 889 
compressors allows adjusting the heating capacity in the different ranges with appropriate frequency. 890 
Obviously, the highest COP will be obtained for the lowest frequency. The COP value decreased 891 
proportionally to the increase in condensing temperature. 892 

The issues of finding the optimal configuration and studying the optimal operation of DX-893 
SAASHP and IX-SAASHP, taking into account the use of high-tech components such as VFD 894 
compressors/pumps/fans, EEV, compact brazed heat exchangers are still open for specific climate 895 
conditions. At the same time, for significantly low outside temperatures, research is also needed on 896 
the application and optimal use of the auxiliary heater. This will entail research in the field of control 897 
and monitoring, the development of an optimal algorithm and system controller. There is a lot of 898 
research potential in this regard, but there are some barriers associated with mass commercialization.            899 

Insufficient recognition of the benefits and high investment costs are the main barriers to 900 
widespread use of HPs. Also, in some countries with comparatively low energy prices (natural gas, 901 
electricity, etc.), in particular, resource-rich countries, HP operating costs are also inferior to 902 
conventional heat supply. In these countries, it is necessary to revise the tariff policy taking into 903 
account international environmental protection standards. Defining international standards for HP 904 
efficiency, optimization of system and components performance, local production and assembling of 905 
the entire system and individual details may be of interest to many representatives of small and 906 
medium-size enterprises, start-ups, service engineers, manufacturers and suppliers of heating, 907 
ventilation and air conditioning equipment. There is a much progress in conventional ASHPs and 908 
GSHPs, meanwhile for SAHP systems, including DX-SAASHP and IX-SAASHP, these actions are 909 
at the initial level.   910 

In terms of environmental protection, in regions with a predominant demand for heat supply, 911 
during the heating season in large cities and towns there is a poor air quality due to emissions from 912 
energy facilities. This leads to a sharp increase in respiratory and allergic diseases. The transition to 913 
clean heat provision technologies is the policy of the administration of many cities and towns. In this 914 
regard, the technology of heat provision of residential and commercial buildings, individual 915 
households using solar thermal energy and ASHP may be of interest to eco researchers, local 916 
executive bodies, cities administration, energy policy and decision makers, environmental activists 917 
and communities. Therefore, energy policy and decision makers should propose incentive 918 
mechanisms in the form of subsidies, grants, etc. to accelerate the transition to clean heat supply 919 
technologies like the SAASHP.  920 

New constructions of the building sector are responsible for the most of HP purchases. In the 921 
US, for example, the share of HP sales for new buildings is about 50% for new multi-family buildings 922 
and is higher than 40% for single-family dwellings [1]. The European Union, Japan and China 923 
markets are expanding quickly. The HP market size is huge even for new buildings. However, to boost 924 
adoption in existing buildings across the globe, it is necessary to work to remove the abovementioned 925 
technological and economic barriers. In summary, SAASHP has demonstrated advantages and 926 
perspective for domestic space heating and hot water. To increase the uptake of SAASHPs, innovative 927 
design and optimization of components and system are needed to improve the performance of the 928 
system, to reduce the costs and to ensure its robustness of operation. 929 
 930 
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8. Conclusions 931 
 932 

The integration of solar thermal energy and an ASHP based on vapour compression cycle is the 933 
subject of study by many researchers and a review of the recent research and developments has been 934 
presented in this article. Five typical and five advanced type solar SAASHPs have been analyzed. 935 
Three solar thermal collector types and three thermal energy storage methods have been discussed. 936 
Ten defrosting methods have been briefly discussed.  937 

The investigations so far have demonstrated that the SAASHP is a promising technology for 938 
HW and SH in the domestic sector. SAASHPs in the domestic sector are mainly investigated by 939 
researchers from mid-latitude (20o - 50o) countries where SH is required in winter and HW throughout 940 

the year under the medium solar irradiance and temperate climate conditions (-15� � 30�). In the 941 

future, multi-functional SAASHPs as well as SAASHPs for high-latitude areas need to be further 942 
investigated by developing advanced IX-SAASHP with enhanced solar collector and TES method.  943 

The COP values of most SAASHPs are ranging from 2 to 6. The dual-source IX-SAASHP 944 
achieves COP lower than 3.5. The hybrid SAASHP, serial IX-SAASHP, advanced DX-SAASHP and 945 
dual-source DX-SAASHP can achieve COP up to 6. Both the DX-SAASHP and advanced IX-946 
SAASHP demonstrate their promising potential, enabling COP higher than 6 and up to 10. Advanced 947 
IX-SAASHP is ideal for SH and HW, and DX-SAASHP is better suitable to HW. Current studies on 948 
SAASHP focus on the matching and optimisation of system configuration. However, the optimisation 949 
of each component and its matching application in SAASHP should be further considered.  950 

Current studies on solar collectors mainly adopt the collector designed for solar domestic HW. 951 
For flat plate collector, the uncovered solar collectors are superior to covered solar collectors at the 952 
collector area less than 15 m2. Small-scale SAASHPs for the domestic sector require high-efficient 953 
solar collectors, which may be achieved by auxiliary components such as concentrator.  954 

The development of specific collectors for SAASHP should match the development of TES 955 
methods. The latent heat TES brings better storage and system performance over sensible heat TES, 956 
although latent heat TES is not economical yet. Basically, solar collector is expected to collect more 957 
solar energy to improve SAASHP’s COP and SPF. Currently, for common SAASHPs using sensible 958 
heat TES, solar collector is expected to achieve higher outlet temperature to store more thermal energy 959 
at the same storage volume. Seasonal storage of surplus solar thermal energy is most suitable for a 960 
GSHP with underground storage in the form of a borehole TES, aquifer TES or a buried water tank 961 
in the ground (PCM). For SAASHP, short-term thermal energy storage in an HW storage tank for 962 
daily use is suitable, in particular, enhanced by PCM. In the future, as PCM is developed to improve 963 
the efficiency of TES and combined with the defrosting method for the smooth operation of systems 964 
with evaporator i.e. hybrid SAASHP, the collector outlet temperature should be above the phase 965 
change temperature.  966 

Further studies are needed to improve the defrosting process. In component level, the material 967 
or the structure of the air source evaporator can be optimised to prevent or reduce the freezing process. 968 
In system level,  optimisation on system configuration is also a potential approach for dual source 969 
IX-SAASHP and hybrid SAASHP. 970 

Currently, refrigerants (e.g. R22, R134a, R410A and R407C) are widely used in HP systems due 971 
to their good thermodynamic and thermophysical properties. R32 is a more environmentally friendly 972 
alternative refrigerant for R410A in ASHP. However, it is classified as a flammable refrigerant A2L 973 
and therefore some countries are researching other retrofits, such as R454B. Therefore, future studies 974 
should concentrate more on the applications of environmentally friendly refrigerants in SAASHPs 975 
responding to global restrictions. 976 

The outcome of this review is expected highly beneficial and valuable to the academia and 977 
engineers working with SAASHP systems, the HP/solar collector manufacturers and suppliers, 978 
installers and service workers, policy makers and energy experts.    979 
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Table 1: Previous reviews on solar-assisted vapour-compression HP systems 1602 

System Reference Contents 
DX-
SAASHP 

Kara et al., 
2008 [5] 

• Review on DX-SAASHP 
• Mathematical model for exergy assessment 

Omojaro and 
Breitkopf, 
2013 [6] 

• Review on DX-SAASHP 
• Shortage of studies for SC 
• Key components and important characteristics 
• Common-used refrigerants 
• Parameters for performance evaluation 

Amin and 
Hawlader, 
2013 [7] 

• Review on DX-SAASHP for HW, drying and desalination in Singapore 

Facao and 
Carvalho, 
2014 [8] 

• Review on DX-SAASHP 
• Novel method to analyse DX-SAASHP for HW 

 Shi et al., 
2019 [9] 

• DX-SAASHP systems and the performance parameters 
• Collectors in details 
• Other components and refrigerants 
• Optimal designs and control 
• Review on simulation for collectors and the whole systems 
• Applications in HW, SH, desalination and vaporisation of liquid fuels 
• Future development trends 

SAHP Ruschenburg 
and Herkel, 
2013 [10], 
[11], [12] 

• representation of SAHP: SAASHP, solar-assisted GSHP (SAGSHP), solar-
assisted water source HP (SAWSHP), GSHP, ASHP, WSHP and 
photovoltaic/thermal (PV/T) systems 

• Market-available systems in terms of companies, functions, configurations, 
heat sources, and solar collectors 

• Analyses of market factors 
Ozgener and 
Hepbasli, 
2007 [13] 

• Review on energy and exergy analyses of SAHPs: SAASHP and SAGSHP 

Haller et al., 
2012 [14] 

• Review on component models for SAHP: SAASHP and SAGSHP 

Chu and 
Cruickshank, 
2014 [15] 

• Review on SAASHP systems in Canada 
• Parameters for performance evaluation 
• Systems used in Canadian residential sector 

Kamel et al., 
2015 [16] 

• PV/T technologies and HP systems 
• Economic analysis 
• Applications of PV/T systems 

Buker and 
Riffat, 2016 
[17] 

• Review on SAHP for HW: SAASHP, SAGSHP and PV/T  
• Key system components 
• Common-used refrigerants 
• Parameters to evaluate system performance and efficiency 

Wang et al., 
2017 [18] 

• Review on SAHP for HW: SAASHP, SAGSHP and PV/T 
• SAASHP system analyses in first and second laws 

Poppi et al., 
2015 [19] 

• Review on SAHP for the domestic sector: SAASHP, GSHP, photovoltaic 
(PV) and PV/T 

• Performance parameters at thermal energy, PV, building and economic 
levels 

• Hydraulics and control 
• Economic analysis 

Mohanraj et 
al., 2018 
[20], [21] 

• Review on SAHP: SAASHP, SAGSHP and PV/T 
• Mathematical model for SAHP (energy and exergy analyses, artificial 

neural network modelling, transient system simulation, life cycle 
assessment and control models) 

• Available innovations for performance enhancement (latent heat source, 
collector/evaporator, heat pipe, PV/T technologies, inverter compressor) 
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• Improvement in cycle design: two-stage compression cycle, cascade cycle, 
vapour ejector enhanced cycle, trans-critical cycle and organic Rankine 
cycle  

• Common-used refrigerants 
• Economic and environmental analyses 
• Application of SAHP (drying, SH, and desalination) and limitations  

 Wang et al., 
2020 [22] 

• Review on simulations (mainly using TRNSYS software) and experiments 
on SAHP (SAASHP, PV and PV/T) 

• Performance parameters (at energy, economic and environmental levels) 
• Economic and environmental analyses 
• Comparison, limitation and future direction 

 Sezen et al., 
2021 [23] 

• Introduction on system configurations of SAHP (SAASHP and PV/T) 
• Analyses of the influence of ambient conditions (solar irradiance, air 

temperature, humidity and wind speed) 
 1603 

1604 
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Table 2: Categories of vapour-compression SAASHP 1605 
 1606 

 1607 

 1608 
 1609 

DX-SAASHP IX-SAASHP Hybrid SAASHP 
Basic Serial Basic 

Dual-source Dual-source   
Two-stage  Cascade Cascade  

Vapour ejector-
enhanced 

Composite Trans-critical 
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Table 3: Research methods of SAASHP systems 
 

  DX-SAASHP IX-SAASHP   Hybrid SAASHP 
Basic Dual-

source 
Two-
stage 

Vapour 
ejector 

enhance
d 

Trans-
critical 

Serial 
 

Dual-
source 

Cascade Compo-
site 

Basic Casca
de 

Trans-
critical 

Exper
i-
ment 

Practice [65], [70], [72], [73], [74], 
[76], [77], [127], [134], [135], 
[138], [139], [140], [141], 
[142], [143], [144], [145], 
[146], [147], [154], [193], 
[194], [195], [196], [197], 
[198], [199], [200], [230], 
[234] 

[33], 
[37], 
[162], 
[163], 
[164], 
[201], 
[202], 
[216], 
[243] 

- - [218], 
[232], 
[246] 

[41], [42], [47], [48], 
[49], [64], [66], [67], 
[75], [80], [81], [96], 
[101], [104], [165], 
[166], [167], [168], 
[204], [205], [209], 
[229], [236], [244] 
 

[81], 
[222] 

- [211] [64], 
[47], 
[48], 
[66], 
[96], 
[180], 
[181], 
[182], 
[205], 
[233], 
[238] 

- [56], 
[11] 

Lab [35], [60], [61], [126], [135], 
[148], [149], [150], [192], 
[213], [217] 

[29], 
[215] 

- [228] - [78], [169], [170], 
[171], [172], [204], 
[206], [219], [220], 
[221] 
 

[44], [94], 
[95], 
[186], 
[187], 
[214] 

 
[50] [79], 

[183] 
[51] [55] 

Simu
-
lation 

CARNO
T 
Blockset 

- - - - - [62], [173] 
 

- - - - - - 

TRNSYS [207] [243] - - - [46], [54], [63], [82], 
[90], [97], [165], 
[169], [174], [175], 
[176], [205], [219], 
[220], [221], [245], 
[249] 
 

[46], [63], 
[231], 
[241] 

- [211] [46], 
[63], 
[182], 
[184], 
[185], 
[205], 
[208], 
[233], 
[240], 
[249] 

- [55], 
[57], 
[58], 
[212] 

SOLSIM - - - - - [224] 
 

- - - [224] - - 

Artificial 
neural 
network 

[139], [145], [147], [234] - - - - - 
 

- - - - - - 
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Anal
y-sis  

First law [5], [32], [60], [61], [65], 
[70], [71], [73], [74], [76], 
[77], [126], [127], [135], 
[136], [142], [143], [144], 
[151], [152], [153], [154], 
[155], [156], [157],  [158], 
[192], [193], [194], [195], 
[213], [223], [230], [237], 
[242], [248] 

[29], 
[33], 
[34], 
[207], 
[215], 
[216], 
[243] 

[36], 
[210] 

[38], 
[39], 
[40], 
[226], 
[227], 
[228], 
[235] 

[232] [31], [47], [66], [68], 
[69], [75], [78], [96], 
[101], [109], [165], 
[166], [168], [170], 
[176], [177], [178], 
[179], [203], [204], 
[209], [225], [229] 
 

[44], 
[109], 
[214], 
[231], 
[239] 

[52], 
[210] 

[211] [31], 
[47], 
[43], 
[79], 
[66], 
[96], 
[179], 
[180], 
[183], 
[208] 

[51] [56], 
[212] 

Second 
law 

[5], [74], [77], [155], [156], 
[158], [159], [223] 
 

[29], 
[162], 
[163], 
[164], 
[202] 

- [39], 
[40], 
[227], 
[235] 

- [49], [66], [75], [179] 
 

[214], 
[222] 

- - [66], 
[179] 

- - 

Economi
c 

[153], [160], [161], [217], 
[242] 

[201], 
[202], 
[207], 
[215] 

[36] - - [41], [54], [78], [80], 
[104], [161], [165], 
[169], [175], [176], 
[179], [204], [240], 
[249] 
 

[222], 
[231] 

- - [161], 
[182], 
[185], 
[179], 
[208], 
[247], 
[249] 

- [57], 
[212] 
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Table 4: Utilisation of collector/evaporator and evacuated tube collector 
 

Authors Location 
 

Function 
of HP 

Refrigerant  Solar collector TES Ta (℃) HC  
(kW) 

COP Comments Related 
work type area (m#) type Vol. (m$) 

Kuang et al., 
2003 [67] 

Qingdao, 
China 36°N 

SH, HW - coated, 
covered 

11 water 2.1 -10-4 4.99 2.19 -  

Huang et al., 
2005 [35] 

Taiwan, 
China 23°N 

HW R134a bare, 
collector/ 
evaporator 

1.98 
sunny, 
1.8 dark 

water 0.24 34.9 - 3.32 -  

             
Liang et al., 
2011 [79] 

- SH R22 evacuated 
tube 

0 water - -1.2-9.5 10 3.3-4 -  
  10    3.3-4.3  
  20    3.3-4.6  
  30    3.3-5  

             
Caglar and 
Yamali, 
2012 [78] 

-   SH R407C evacuated 
tube 

- water 
 

0.12 - 
 

5.87 5.56 -  

Deng et al., 
2013 [57]  

Shanghai, 
China 
31.17°N 

HW, SH CO# evacuated 
tube with 
compound 
parabolic 
concentrat
or  

30 water 0.5 -5-5 - 2.38 A transcritical 
hybrid SAASHP 

[55], [58] 

He et al., 
2014 [177] 

-   HW R134a, 
R600a, 
R22 

covered, 
heat pipe 

- water - 10-30 - 3.69-
5.27 

-  

Chaturvedi 
et al., 2014 
[153] 

- HW R134a collector/ 
evaporator 

3 - - - 0.366-
0.603 

1.7-
5.61 

-  

He et al., 
2015 [170] 

London, UK 
51°N   

HW R134a covered, 
heat pipe 

2.4 water 0.03, 0.2 25 2.253 4.93 -  

Wang et al., 
2015 [171] 

- SC, SH, 
HW 

R407C evacuated 
tube 

- water 0.15 7, 12, 20 2.56-
4.24 
(SH) 

3.75-
4.72 
(SH) 

- [172] 

Shan et al., 
2016 [181] 

Beijing, 
China 40°N 

SH - evacuated 
tube 

- water 0.72, 0.8 -13.3-4.5 3.9 2.5-3.0 -  

Dong et al., 
2017 [77] 

Taiyuan, 
China 38°N 

SH R407C coated, 
collector/e
vaporator 

0.4 Na2SO4 0.8 -15-7 0.186 2.94 -  

HW R134a 3.021 water 0.3 -  
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Youssef et 
al., 2017 
[81] 

London, UK 
51°N   

evacuated 
tube  

paraffin 30 kg 0.54-
0.81 

4.21-
4.99 

A serial/dual-source 
IX-SAASHP 

 

Buker and 
Riffat, 2017 
[204] 

- SH, HW R134a solar 
thermal 
roof 

1.92 water 0.055 27 - 2.29   

Liu et al., 
2017 [206] 

- HW - evacuated 
tube 

- water - -5 42-55 1.8-2.7 Using a composite 
heat exchanger 

 
      7 53-65 2.6-3.2  

Youssef et 
al., 2017 
[244] 

London, UK 
51.5 oN 

HW - evacuated 
tube 

3.021 water 0.3 - 9.632 4.7   
   PCM 30 kg      

Li et al., 
2018 [235] 

- SH R134a, 
R1234yf, 
R141b 

evacuated 
tube 

33 water - 20 20.9 4.2 An ejector 
enhanced DX-
SAASHP 

 

Lee et al., 
2018 [236] 

Seoul Korea, 
37 oN 

HW R1233zd(E
), R134a 

air-based 
flexible 
solar 
collector 

35.2 water 0.6 2.08-
10.92 

0.83-
3.29 

1.12-
3.99 

  

Kim et al., 
2018 [209] 

- HW R134a collector/e
vaporator 

24 water - 21 7.21 3.4   

Han et al., 
2018 [239] 

- SH, HW - evacuated 
tube 

10 PCM 510 kg -23.4-20 0-45 0-8.3   
    water 1      

Huan et al., 
2019 [205] 

Xi’an, China 
34 oN 

HW - evacuated 
tube 

860 water 55 24-37 2.8x106

-
3.2x106 

4.87 Serial IX-SAASHP  

  860 - -  2.7x106 10-20 Hybrid SAASHP  
Aktas et al., 
2019 [223] 

- HW R410A double 
pass 
collector 

- Paraffi
n RT42 

- - - 3.3-3.8   

Stritih et al., 
2019 [225] 

- SH R407C evacuated 
tube 

25 paraffin 
RT 31 

- - - 4.3-5.7   

     water 3      
Kong et al., 
2020 [195] 

Qingdao, 
China 36 oN 

HW R134a microchan
nel solar 
collector 

2.09 water 0.2 -3.4-10.7 0.6-1.1 1.65-
3.43 

A DX-SAASHP 
using microchannel 
condenser 

[197] 

   R290     -3-14.8 0.5-1.4 1.26-
4.61 

  

Xian et al., 
2020 [201] 

Guangzhou, 
China, 23 oN 

HW R134a PCM 
microchan
nel solar 
regenerator 

1.11 water 0.04 8-15 0.35-
0.55 

1-4  [202] 
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Kutlu et al., 
2020 [203] 

- HW R134a evacuated 
tube 

4 PCM 0.15 9-25 - 3.4-4.6   

Ran et al., 
2020 [207] 

- SH R410a flat plate 
collector 
with fan 

2 - - 7 0.58-
0.82 

3.12-
3.89 

  

Vega and 
Cuevas, 
2020 [241] 

- SH - evacuated 
tube 

22.5 water 0.3 10.2 - SPF 
3.8-4.7 

  

   uncovered 22.5     SPF 
3.7-3.8 

  

 HW - evacuated 
tube 

225 water 22.7 10.2 - SPF 
3.3-4 

  

   uncovered 225     SPF 
2.8-2.9 

  

Liu et al., 
2020 [208] 

Xining, 
China 36.6 
oN 

SH - evacuated 
tube 

10 water 0.8 -18.2-
29.88 

- 2.3-4.2  [247] 

Ji et al., 
2020 [217] 

- SH - collector/e
vaporator 

- - - 5-15 1.3-1.8 2.2-2.6   

Li et al., 
2020 [222] 

Suqian, 
China 34 oN 

SH, HW R134a air-type 
PCM 
evacuated 
tube 

16 water 0.2 -3.1-11.9 2.6-3.6 2.5-6.5   

Treichel and 
Cruickshank
, 2021 [219] 

- HW R134a air-type 
solar 
collector 

1.26 water 0.189 - - 1.9-2.4  [220], 
[221] 
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Table 5: Studies of SAASHPs using latent heat and seasonal TESs 
 

Authors Location Function 
of HP 

Refrigerant Solar collector TES Ta 
(℃) 

Tcon 
(℃) 

HC  
(kW) 

COP SPF Comments Related 
work type area 

(m#) 
type volume 

(m$) 
Esen, 
2000 
[101] 

Trabzon, 
Turkey 41°N   

SH - flat plate 30 CaCl2 1090 
kg 

4.5- 
16.4 

- - -  -  

Kaygusu
z, 2000 
[47] 

Trabzon, 
Turkey 41°N 

SH R22 coated, 
flat plate 

30 CaCl2 1500 
kg 

-3-
16 

40-
55 

0.04 4 for serial, 
3 for hybrid 
systems 

 A serial-
hybrid 
SAASHP 

[31], 
[48], 
[64], 
[66], 
[96], 
[224] 

Yumruta
s et al., 
2003 
[69] 

Isparta, 
Turkey 
37.8°N 

SH - coated, 
covered, 
flat plate 

30 water (and 
soil) 

300 -9 - 10 4-8  Seasonal TES [68] 

Reuss et 
al., 2006 
[104] 

Attenkirchen
, Germany 
51°N 

SH, HW - flat plate 764 water 500 - - - 3.2-4.4  Seasonal TES   
soil 6800 

water 
equal  

 

Qi et al., 
2008 
[109] 

Beijing, 
China 40 °N   

SH - flat plate 30, 
40, 
50, 
60 

CaCl#  
 

228, 
456 

-
14.8 

- 3.025 4.2  A serial/dual-
source IX-
SAASHP with 
seasonal latent 
TES 

 

Trinkl et 
al., 2009 
[62] 

Wuerzburg, 
Germany 
50°N   

HW, SH - covered, 
flat plate 

30 water/ ice 
 

12.5  
 

5 - 0.59 for 
SH and 
0.23 for 
HW 

- 4.6 -  

water 0.3-1 
34.38 water/ ice 11 - 4.7 

water 0.5 
24.83 water/ ice 15 - 4.3 

water 0.5 
Winteler 
et al., 
2014 
[173] 

Wuerzburg, 
Germany 
50°N 

HW, SH - bare  10 water/ice 10 - - 1.09 - 4.25 -  
13 1.74 - 4.47 
20 2.26 - 4.12 
30 20 3.59 - 3.73 
10 10 0.6 - 3.73 
10 1.11 - 4.23 
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Strasbourg, 
France 48°N   

20 2.31 - 4.02 

Cabonell 
et a. 
2014 
[90] 

Strasbourg, 
France 48°N   

SH, HW - bare and 
covered, 
coated 

10-30 waste 
water 

0.13 - - 0.005 
/m# 

- 2-7 -   

water/ice 10-30 
20-40 waste 

water 
0.13 0.0114 

/m# 
- 2-

4.5 
water/ice 20-50 

Carbonel
l et al., 
2014 
[82] 

Strasbourg, 
France 48°N     

SH, HW - covered 
(includin
g 5 m# 
uncovere
d 
collector) 

15 ice 25 - - 0.973 - 5.01 - [98],  
[99], 
[100] 

20 20 - 5.53 
30 20 - 5.90 

40 1.147 - 4.78 
45 30 - 5.1 

Li et al., 
2014 
[175] 

Beijing, 
China 40 °N   

SH, HW - flat plate 150 water 105 -6.5 - - 6.2  Seasonal TES  

Qv et al, 
2015 
[95] 

Shanghai, 
China 
31.17°N 

SC R22 - - RT5HC 10.5 kg 30-
43 

- 7.242 2.3-3 - Using a novel 
triple-sleeve 
energy storage 
exchanger 

[93], 
[94], 
[187] SH -17 3.58 2.8 - 

Tamasau
skas et 
al., 2015 
[97] 

Montreal, 
Canada 
45°N 

SC, SH, 
HW 

R507a covered, 
flat plate 

11.9, 
26.8 

4% (by 
mass) 
propylene 
glycol/ 
water  

5 
 

- - 0.935 - 2.53 - [174] 

Toronto, 
Canada 
43.5°N 

- - 0.863 - 2.55 

Vancouver, 
Canada 
49°N 

- - 0.767 - 2.43 

Lerch et 
al., 2015 
[46] 

Graz, 
Austria 47°N   

SH, HW - - - water 0.3 -12 - 5.36 - 2.55 ASHP [191] 
covered, 
coated, 
flat plate 

14 water 1 - 3.65 Hybrid 
SAASHP 

bare, 
coated 

30 water 1 - 3.53 Serial IX-
SAASHP 
systems bare, 

coated 
30 water 1 - 3.56 

water/ice 0.6  
covered, 
coated 

14 water 1 - 3.68 A hybrid 
SAASHP 
using air 
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preheated by 
solar as heat 
source 

covered, 
coated 

14 water 1 - 3.7 A dual-source 
IX-SAASHP 

Qu et al., 
2015 
[80] 

Beijing, 
China 40°N   

SH - vacuum 
tube 

16.2 water 0.85 - - - 10.03  -  
Na2SO4 0.8  

Youssef 
et al., 
2017 
[81] 

London, UK 
51°N   

HW R134a evacuate
d tube  

3.021 water 0.3 - - 0.54-
0.81 

4.21-4.99  A serial/dual-
source IX-
SAASHP  

 
paraffin 30 kg  

Youssef 
et al., 
2017 
[244] 

London, UK 
51.5 oN 

HW - evacuate
d tube 

3.021 water 0.3 - - 9.632 4.7    

    PCM 30 kg        

Han et 
al., 2018 
[239] 

- SH, HW - evacuate
d tube 

10 PCM 510 kg -
23.4
-20 

- 0-45 0-8.3    
    water 1       

Aktas et 
al., 2019 
[223] 

- HW R410A double 
pass 
collector 

- paraffin 
RT42 

- - 60 - 3.3-3.8    

Stritih et 
al., 
2019, 
[225] 

- SH R407C evacuate
d tube 

25 paraffin 
RT 31 

- - - - 4.3-5.7    

     water 3        

Kutlu et 
al., 2020 
[203] 

- HW R134a evacuate
d tube 

4 PCM 0.15 9-
25 

- - 3.4-4.6    

Lu et al., 
2020 
[249] 

- SH - - 40 water 40 -5-
37 

- - 3.95 - Seasonal TES  

      2    3.5 - Normal TES  
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Table 6: Research on DX-SAASHP using flat plate collectors and water tank 1 
 2 

Authors Location 
 

Function 
of HP 

Refrigeran
t 

Solar collector Volume of 
TES (m3) 

Ta 
(oC) 

Tcon 
(oC) 

HC  
(kW) 

COP Relate
d work type area 

(m#) 
Chaturvedi and 
Shen, 1984 [33] 

- HW R12 bare  3.39 - -4-22 40-50 - 2-3  

Chaturvedi et al., 
1998 [134] 

Virginia, 
USA 37.8°N 

HW R12 bare 3.48 - 10-27 40 1-1.5 2.5-4.0 [152], 
[159] 

Axaopoulos et 
al., 1998 [140] 

Athens, 
Greece 
38°N 

HW R12 bare  2 0.158 5-40 - 0.14 /m# 3.42  

Ito et al., 1999 
[76] 

Kanagawa, 
Japan 36°N 

HW R12 bare  3.24 - 8 - - 5.3  

Huang and 
Chyng, 1999 
[148] 

- HW R134a bare 1.57 0.12 31.3 45.6 - 3.83  

Huang and 
Chyng, 2001 
[137] 

Taiwan, 
China 23°N 

HW R134a bare 1.44 0.105 27-37 45-68 0.678-0.926 2.5-3.7 [141] 

Hawlader et al., 
2001 [192] 

- HW R134a bare 3 0.25 26-36 - - 4-9  

Torres-Reyes and 
Cervantes, 2001 
[162] 

Mexico 
23°N 

SH R22 - 4.5 - 20-32 - 2.8-5.37 2.56-3.46 [163], 
[164] 

Chyng et al., 
2003 [65] 

Taiwan, 
China 23°N 

HW R134a bare, 
coated 

1.86 0.105 - - - 1.7-2.5  

Kuang et al., 
2003 [70] 

Shanghai, 
China 
31.17°N 

HW R22 bare 2 0.15 3-12 � - 4-6  

Ito et al., 2005 
[146] 

- - R22 - 1.91 - - - - 4.5-6.5  

Chata et al., 2005 
[151] 

- - R12, R22, 
R134a, 
R404A, 
R407C, 
R410A 

bare 15.6 - 5 60 7 3.8  
covered 17.2 



 45 

Kuang and 
Wang, 2006 [37] 

Shanghai, 
China 
31.17°N 

SC, SH, 
HW 

R22 bare 10.5 0.2, 1 7.9-12.1 - 5.8-7.6 2.1-2.7 (SH)  

Xu et al., 2006 
[71] 

Nanjing, 
China 32°N 

HW R22 bare 2.2 0.15 5 - - 2.51-4.69  

Anderson and 
Morrison, 2007 
[138] 

Sydney, 
Australia 
34°S 

HW R22 bare 4 0.27 25 - - 5-7  
20 3-5 

Huang and Lee, 
2007 [142] 

- HW R134a coated 
 

- 0.115 - - - 2.12-2.72  
 0.24    2.24-3.57  
 0.13    1.85-2.53  

none  0.2    2.48-2.78  
Kara et al., 2008 
[5] 

Izmir, 
Turkey 
38°N 

SH R22 bare 4 - 2 55 1.75 -  

Mohanraj et al., 
2008 [139] 

Calicut, 
India 11°N 

SH R22 covered, 
coated 

2 - 29-33.3 60 - 1.98-2.57 [145], 
[147] 

Chow et al. 2010 
[32] 

Hong Kong, 
China 22°N 

HW R134a bare 12 2.5 30-32.8 58.1-63.5 4.82-6.3 6.57-10.7  
13-15.8 51.65-55.85 3.52-5.33 4.31-9.14 

Kong et al. 2011 
[73] 

Shanghai, 
China 
31.17°N 

HW or 
SH 

R22 bare 4.2 0.15 20.6-
28.9 

- 0.208-0.27 5.21-6.61 [72], 
[74], 
[87] 

Fernández-Seara 
et al., 2012 [150] 

- HW R134a bare - 0.3 7-22 21.2-57.9 - 3.23  

Moreno-
Rodríguez et al., 
2012 [143] 

Madrid, 
Spain 40°N 

HW R134a - 5.6 0.3 11-19 57 0.275-0.3125 1.7-2.9  

Moreno-
Rodríguez et al., 
2013 [144] 

Madrid, 
Spain 40°N 

SH R134a - 5.6 - 0-20 32-40 2.375-2.917 1.9-2.7  

Molinaroli et al., 
2014 [136] 

- SH R407C bare 40.32 - -5, 0, 5, 
10, 15 

50 7.5 2.2-4.3  
29.12 
22.40 
16.80 

Sun et al. 2014 
[149] 

Shanghai, 
China 
31.17°N 

HW  R134a coated 1.92 0.15 26 - - 4.5-8.5 [60] 
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Scarpa and 
Tagliafico, 2016 
[61]  

- HW R134a, 
R600a 

bare 1 0.025 5.3, 
16.5, 
33.2 

45 0.216, 0.295, 
0.392 

5.8 [155], 
[156], 
[158] 

Deng and Yu, 
2016, [34] 

- HW R134a - 2 0.15 - 55.1-57.6 - 4.46-4.74  

Paradeshi et al., 
2016 [135] 

Calicut, 
India 
11.15°N 

SH R22 - 2 - - - 2.0-3.6 1.8-2.8  

Kong et al., 2017 
[157] 

- HW R410A bare 4.2 0.15 25.7 - 3.14-4.27 3.62-8.6 [154] 

Mohamed et al., 
2017 [126] 

- SH, HW R407C bare 4.22 0.2 6.5-8.5 86 3.3-4.2 2.7-3.9  

Paradeshi et al., 
2018 [234] 

Calicut, 
India 11.15 
oN 

SH R22, 
R433A 

covered 2 - - - 1.9-3.5 -  

Cai et al., 2019 
[29] 

- HW - bare 4.2 0.15 5-15 31-50 1.5-2.5 2.5-3.5  

Huang et al., 
2019 [213] 

- SH - bare, 
coated 

4 - -5-5 - 0.75-1.1 1.5-2  

Duarte et al., 
2019 [230] 

Pampulha, 
Brazil 

HW R134a, 
R290, 
R600a, 
R744, 
R1234yf 

coated 1.65 0.2 25-33 - - 2.25-2.91  
 
 
 

Rabelo et al., 
2019 [242] 

- HW R134a, 
R290 

uncovere
d 

1.65 0.2 25 60, 65, 70 1.37 2.5  

Cao et al., 2020 
[237] 

- HW R134a covered 4.2 0.15 25.7 - - 4-6  

Cai et al., 2020 
[215] 

- SH - bare, 
coated 

4 - 2-15 - 2.4-2.7 
parallel; 2.35-
2.6 serial 

4.5-4.58 
parallel; 
4.33-4.5 
serial 

 

Liu et al., 2020 
[243] 

Qinghai, 
China 36 oN 

SH R22 - 6 1.8 -3.1 45 - 2-4  

Zhang et al., 
2020 [216] 

Hefei, 
China 32 oN 

SH, SC - bare, 
coated 

- 0.3 5.9-14 - - 2.87-3.8  

 3 

 4 
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Table 7: Research on IX-SAASHP and hybrid SAASHP using flat plate collector and water tank 5 

Authors Location Function 
of HP 

Refrigerant Solar collector Volume of 
TES (m3) 

Ta 
(oC) 

HC  
(kW) 

COP SP
F 

Relate
d work type area 

(m#) 
Freeman et al., 
1979 [63] 

Madison, USA 
43°N   

SH, HW - - 10, 20, 
30, 40, 
50, 60 

0.075 per 
m# solar 
collector 

- 1.95 (SH), 
0.68 (HW) 

2 (hybrid) 
2.5 (dual-
source) 2.8 
(serial) 

-  

Albuquerque, 
USA 35°N   

    0.94 (SH), 
0.68 (HW) 

  

 Charleston, USA 
38°N   

     0.485 (SH), 
0.68 (HW) 

  

Yumrutas and 
Kaska, 2004 [42] 

Gaziantep, 
Turkey 37.18°N 

SH R22 covere
d 

7.4 0.65 7.8-16.1 - 2.5-3.5 -  

Dikici and 
Akbulut, 2008 
[75] 

Elazig, Turkey 
38.41°N 

SH R22 - 11.1 0.18 3.9 3.844 3.08 - [49] 

Li and Yang, 
2009 [161] 

- HW R22 - 6 0.4 15-30 11 4 (DX-
SAASHP), 
4 (serial),  
3 (hybrid) 

-  

Chaichana et al., 
2010 [166] 

Chiang Mai, 
Thailand 18.8°N   

HW R22:R124:R152a 
(20%: 57%: 
23%) 

bare 4, 8, 12, 
16, 20 

0.3, 0.6, 
0.9, 1.2 

13.7-
36.2 

- 4.1-4.6 - [168] 

Li and Yang, 
2010 [43] 

Hong Kong, 
China 22°N   

HW R22 covere
d 

390 32 15 - 3.5 -  
25 3.86 

Bakirci and 
Yuksel, 2011 
[41] 

Erzurum, Turkey 
41°N   

SH R134a coated, 
covere
d 

1.64 2 -10.86 3.801 2.86 -  

Sterling and 
Collins, 2012 
[54] 

Ottawa, Canada 
45°N   

HW - - 4 0.5  - 0.634 2.5-5 - [53] 

Tagliafico et al., 
2012 [178] 

- HW - bare 1.78 - 0-15 150 - -  

Chow et al., 
2012 [165] 

Hong Kong, 
China 22°N   

SH, HW R22 - 1400 - 10-23 - 4.48-4.56 -  

Panaras et al., 
2014 [183] 

Athens, Greece 
23.5°N 

HW - coated 2.58 0.28 18.5 0.643 2.12 - [180] 

Banister and 
Collins, 2015 
[169] 

-  HW - - 2.5, 5, 
7.5, 10 

0.3, 0.45 - - 2.3-6.3 -  
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Fraga et al., 2015 
[167] 

Geneva, 
Switzerland 
46°N   

SH, HW - bare 116 6 + 0.3*8 -2.4-20.5 2.13 (SH), 
5.28 (HW) 

- 2.9 [229] 

Ji et al., 2015 
[186] 

Lab based HW, SH, 
SC 

- - 3.2 0.2 7 1.2-2.4 
(HW) 
1.4-2.2 (SH) 

1.75-3 
(HW) 
2.35-2.75 
(SH) 

-  

Cai et al., 2016 
[44] 

Lab based SH, SC, 
HW 

- - 3.2 0.3 7 1.9-2.4 
(HW) 
1.3-1.5 (SH) 

2-3.25 
(HW) 2.25-
2.5 (SH) 

- [214] 

Poppi et al., 2016 
[185] 

Zurich, 
Switzerland, 
47°N   

SH, HW R410A - 9.28 0.763 -10 0.347 
(HW), 
0.944 (SH) 

- 3.1
6 

[184] 

0.347 
(HW), 
1.966 (SH) 

- 2.4
3 

Carcassonne, 
France 43°N   

-5 0.307 
(HW), 
0.419 (SH) 

- 3.8
5 

0.307 
(HW), 
1.047 (SH) 

- 2.9
3 

Liu et al., 2016 
[50] 

Zhengzhou, 
China 34°N   

HW, SH - - - - -15, -10, 
-7, -5, 2, 
7 

1.2-2.9 2-3.1 -  

Li and Kao, 2017 
[182] 

Taipei, China 
25°N   

HW R410A - 3.84 0.46 - - - 3.9
2 

 

0.92  - 4.3
6 

Kaohsiung, 
China 22.5°N 

0.46  - 4.3
1 

0.92  - 4.8
3 

Bellos and 
Tzivanidis, 2017 
[176] 

- SH - - 5-80 1 -1.4-14 5-15 4 -  

Li and Kao, 2018 
[240] 

- HW - - 5 0.4+0.2, 
0.5+0.25, 
0.6+0.3 

4-30 - - -  



 49 

Ran et al., 2020 
[231] 

Lhasa, China SH, HW - - 300 10 - 120 - 6.9
2 

 

 Chengdu, China       90 - 3.6
1 

 

 Beijing, China       180 - 3.2
7 

 

 Shenyang China       270 - 2.4
5 

 

            
Liu et al., 2020 
[238] 

Chongqing, 
China 29 oN 

HW R410a - 5.5 0.25 5-40 - 2-5.2 -  

Wang et al., 2020 
[233] 

Changsha, China 
28.5 oN 

HW R134a covere
d 

150 10 20-30 - 1.5-3.5 -  

Long et al., 2021 
[211] 

- HW - - 12 0.3 26-32 3-11 1.5-5.5 -  

 6 
  7 
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Table 8: Advanced SAASHP systems 8 

Authors Function 
of HP 

Refrigerant Solar collector Volu
me of 
TES 
(m3) 

Ta 
(oC) 

Tcon 
(oC) 

HC  
(kW) 

COP Comments 
type area 

(m#) 

Chaturvedi et al., 2009 
[36] 

- R134a covered 10.58 - 5 60 - - A two-stage DX-
SAASHP for high 
temperature 
applications 

8.77 90 

Li et al., 2013 [179] HW - - 11.4 3 -10-
34 

- - 1.4-4.4 A wind-powered 
hybrid SAASHP 

 SH     -10-
18 

  3.6-6.7 A wind-powered 
serial IX-SAASHP 

 SC     26-34   1.2-23  
Lv et al., 2015 [52] HW R32/R290 (20%/80% by 

mass) 
- - - - 55 - 3.84 A solar assisted auto-

cascade HP  
Faria et al., 2016 [56] HW CO# - 1.57 - 30 - - - A trans-critical DX-

SAASHP 
Yan et al., 2016 [39] HW R134a, R1234yf - 2 - 25 55 2.43 4.07 A vapour ejector 

enhanced DX-
SAASHP 

Chen and Yu, 2017 [40] HW R134a - 5 - - 40-75 - 4.61-5.61 A vapour ejector 
enhanced DX-
SAASHP 

           
Chargui and Awani, 2017 
[212] 

SH CO2 bare 8 2 10-20 - 2.5-6 3.4-5.5  

Chen and Yu, 2018 [227] HW - - 5 - - 40-70 6-6.5 3.5-6.5 An ejector enhanced 
DX-SAHP 

Qiu et al., 2018 [210] HW - - 20 - -25-
10 

50 10-14 2-2.9 A cascade serial IX-
SAASHP and two 
two-stage dual-
source DX-SAASHP 

Rabelo et al., 2018 [218], 
[232], [246] 

HW CO2 bare, 
coated 

1.57 0.2 25 - 1.4-
1.9 

3-5.5 A trans-critical DX-
SAASHP 

Chen et al., 2019 [228] HW R134a - - 0.1 - - 1.9-
2.7 

2.3-5.8 An ejector enhanced 
DX-SAASHP using 
micro-channel 
condenser 
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 9 
 10 

  11 

Fan et al., 2019 [226] HW R290/R600a - - - -20-
20 

- - 2.5-7.5 An ejector enhanced 
DX-SAHP 

Yerdash et al., 2020 [51] HW, SH R134a/R410a, R32/R290, 
R32/R1234yf, R32/R134a, 
R410A/R290, 
R410/R1234yf, R744/R290, 
R744/R1234yf, R744/R134a 

- 6 0.3 -30-
10 

40-60 - 1.8-3 A solar assisted 
cascade HP 

Kong et al., 2020 [127], 
[193], [194], [196], [198], 
[199] 

HW R134a bare 2.1 0.2 -3-7 20-45 - 2.72-4.16 Using micro-channel 
condenser 

Ma et al., 2020 [245] SH CO2, R410a - 70 3 -6.6-
12.7 

35 - -  A two-stage serial 
IX-SAASHP 
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(a) Schematic of the system   86 
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(c)  Dual-nozzle vapour ejector 93 
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Fig. 8: Dual-nozzle vapour ejector SAASHP system [38]. 95 
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      96 
 97 

(a) Schematic of the system 98 
 99 

                         100 
(b) p-h diagram 101 

 102 
Fig. 9: Vapour ejector enhanced SAASHP system and the corresponding p-h diagram [39]. 103 
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 105 
 106 

(a) Schematic of the system. 107 
 108 

 109 
 110 

�b�p-h diagram of two operation modes 111 
 112 

Fig. 10: Adjustable vapour ejector enhanced SAASHP system [40]. 113 
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 115 
 116 

(a) Space heating by air (reproduced from [63]).  117 
 118 

 119 
 120 

(b) Space heating by water (reproduced from [15]). 121 
 122 

Fig. 11: Serial IX-SAASHP. 123 
 124 
 125 
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 127 
 128 

Fig. 12: Serial IX-SAASHP using dual water tanks [43]. 129 
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 131 
 132 

Fig. 13: Dual source IX-SAASHP. 1 - compressor, 4 – air source evaporator, 5 – heat exchanger, 9 - 133 
condenser, 10 – water tank, 13 – water TES tank, 14 and 15 – two solar collectors [44]. 134 
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 136 
 137 

(a) Schematic of the system 138 
 139 

 140 
 141 

(b) Composite heat exchanger 142 
 143 

Fig. 14: Dual-source IX-SAASHP with a composite heat exchanger [50]. 144 
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 147 

(a) Schematic of the system 148 

 149 
 150 

(b) p-h diagrams of the cycles 151 
 152 

Fig. 15: Solar-assisted auto-cascade ASHP [52]. 153 
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 155 
 156 

Fig. 16: A composite IX-SAASHP (reproduced from [15]).  157 
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 159 
 160 

(a) Hot water and space heating by air (reproduced from [63]).  161 
 162 

 163 
 164 

(b) Space heating by water (reproduced from [15]).  165 
 166 

Fig. 17: Hybrid SAASHP. 167 
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 169 
 170 

(a) Solar collector loop 171 
 172 

 173 
 174 

(b) Cascade HP loop 175 
 176 

 177 
 178 

(c) p-h diagram. 179 
 180 

Fig. 18: Solar-assisted cascade ASHP [51]. 181 
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 182 
 183 

Fig. 19: Trans-critical SAASHP [55]. 184 
  185 



 73 

 186 
 187 

Fig. 20: Matching relation between solar collectors and system configurations. 188 
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 190 
 191 

Fig. 21: A novel flat plate collector [67]. 192 
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 194 
 195 

Fig. 22: Solar-geothermal hybrid source HP (reproduced from [84]).  196 
 197 
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 199 
 200 

Fig. 23: Triple-sleeve heat exchanger [93]. 201 
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 204 
 205 

Fig. 24: Reverse-cycle defrosting ASHP system with energy storage [121, 122]. 206 
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 208 
 209 

Fig. 25: ASHP with energy storage and dehumidification [124, 125]. 1 - compressor, 4 - water TES 210 
tank, 6 - PCM TES tank, 9 - desiccant-coated evaporator, 12 – evaporator. 211 
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 213 
 214 

Fig. 26: Number of papers published in journals per year for SAASHPs using different refrigerants.  215 
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 217 
 218 

Fig. 27: Distribution of investigations in countries. 219 
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 222 

Fig. 28: Effects of solar irradiance IT on COP of the SAASHP and the collector efficiency hcl [73]. 223 
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 226 

Fig. 29: Effects of ambient temperature ta on COP and collector efficiency !cl [73]. 227 
 228 
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 231 

Fig. 30: Effect of output water temperature Tw on COP [137]. 232 
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 234 
 235 

Fig. 31: COP as a function of the temperature difference between average water temperature in water tank to 236 
ambient air, Tw-Ta [138]. 237 
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 240 
 241 

Fig. 32: COP vs ambient temperature of the SAASHPs for SH and HW. 242 
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 244 
 245 

Fig. 33: Number of journal papers vs COP. 246 
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 248 
 249 

                   (a) Covered solar collector                                      (b) Uncovered solar collector 250 
 251 

Fig. 34: SPF and yearly auxiliary energy as function of ice storage volume and solar collector area for 252 
building SFH 45 [90]. 253 
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