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Abstract 
 

Solar assisted air source heat pump (SAASHP), combining solar thermal energy and 

heat pump, shows great potential as a promising energy-saving heating technology. It is 

widely considered for supplying hot water (HW), space heating (SH) and/or space cooling 

in the domestic sector. The performance of SAASHPs can be affected by many factors 

such as system configuration, component size, weather conditions and working conditions. 

This project is aimed to find an efficient and cost-effective heating system based on 

SAASHP in UK weather conditions as a green heating method for the domestic sector.  

The serial, parallel and dual-source indirect expansion solar assisted air source 

heat pumps are modelled and simulated under the weather conditions in London using 

TRNSYS to investigate the operation performance over a typical year. These three heat 

pumps are applied to provide space heating and hot water of 300 L per day for a typical 

single-family house. The simulation results show comparisons of the three systems. The 

serial type heat pump shows the highest seasonal performance factor of 5.5, but requires 

a solar collector of 45 m2 and a thermal energy storage tank of 3000 L. The dual-source 

and parallel type heat pumps show slightly lower seasonal performance factors of 4.4 

and 4.5, respectively, requiring a solar collector of 18 m2 and a thermal energy storage 

tank of 500 L. Furthermore, the results show that the air source part contributes to an 

important proportion of the heat provision and stable operation of the systems. The 

yearly seasonal performance factor higher than 4.4 achievable by the three heat pumps 

suggests that they are potentially applied in the regions with relatively lower solar 

irradiance. The economic analyses indicate that the parallel and dual-source type heat 

pumps provide cost effective alternatives to replacing the gas-boiler heating system. 

The set hot-water-supply temperature of the heating system affects both the system 

operation performance and the thermal comfort condition of the house. The effect of 

low temperature heating on the system operation performance is investigated to figure 

out the way to significantly save electricity. A single-family house is chosen as the 

reference building and the heating system is modelled and simulated under the weather 

conditions in London, Aughton and Aberdeen in the UK over a year. The set hot-water-

supply temperatures are taken to be 40 oC, 45 oC, 50 oC and 55 oC. For the heating 

systems, with the decrease in set hot-water-supply temperature from 55 oC to 50 oC, 45 

oC and 40 oC, the yearly seasonal performance factor increases and the yearly total 
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electricity consumption decreases. The results show that low temperature heating 

enables a significant reduction in electricity consumption of such heating systems. 

To achieve high thermal performance and low cost, solar assisted air source heat 

pump heating systems are numerically simulated by integrating compound parabolic 

concentrator-capillary tube solar collectors. The heating system is used to provide both 

space heating and hot water for a single-family house in London, UK. The operation of 

the heating system is simulated by TRNSYS. The results are compared with those of 

the heating systems using flat plate solar collectors of the same area. The concentrated 

solar collectors increase the utilisation of solar energy by 6.5%, reduce the electricity 

consumption by 6.1% and thus increase the seasonal performance factor by 6.8%. 

Particularly, for almost the same seasonal performance factor, the area required for the 

concentrated solar collector is 12 m2 while the area required for the flat plate solar 

collector is 18 m2, leading to one third collector size reduction and hence significant 

cost reduction and convenient installation. According to both system performance and 

economic analysis, CPC-CSC with an area of around 9 m2 is recommended. 

Considering further improvements in system design and operation, the heating system 

using smaller size CPC-CSC e.g. 6 m2 can potentially achieve a higher SPFsys. Since 

solar collectors with a smaller size can be much more easily adopted for domestic use, 

using CPC-CSC benefits the wide rollout of SAASHP heating systems for domestic 

heating. 

 

Keywords: Solar assisted air source heat pump, Domestic heating, Compound parabolic 

concentrator capillary tube solar collector, Low-temperature heating, Seasonal 

performance factor, Numerical simulation, Economic analysis 
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Nomenclature 
 

A   area, m2 

Aval   aperture temperature of expansion valve, m2 

Ci   initial cost difference, GBP 
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I   local solar irradiance for the tilted surface, W/m2 
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t   time, s 
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Tamb   ambient air temperature, oC 

Tevp   evaporating temperature, oC 

Troom   room air temperature, oC 

TSC   temperature of solar collector, oC 

THWS outlet temperature of a hot water tank, oC 

THWS*  set hot-water-supply temperature, oC 

Tcon   condensing temperature, oC 
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Tsc,in   temperature at the inlet of solar collector, oC 

Twt   water temperature in the storage tank, oC 

V   volume, m3 
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Wcp   work done by compressor, kWh 

Wfan   work done by fan, kWh 

Wpump   work done by pump, kWh 

Wtot   total work done by compressor, fans, pumps, kWh 

WHP   electricity consumed by a heat pump, kWh 

 

Greek Letters: 

σ   Stefan-Boltzmann constant 

ƞ   efficiency 

ηsc   efficiency of solar collector 

ƞv   volumetric efficiency of compressor 
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Abbreviation:    

ASHP   air source heat pump 

CPC   compound parabolic concentrator 

CSC   capillary tube solar collector 

DX-SAASHP  direct expansion solar-assisted air source heat pump 
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FPC   flat plate collector 

GHG                           greenhouse gases  
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GSHP   ground source heat pump 

GWP   global warming potential 

HP   heat pump 

HW   hot water 

HWS   hot water storage 

IEA   International Energy Agency 

IX-SAASHP  indirect expansion solar-assisted air source heat pump 

LFL   lower flame limit 
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PCM   phase change material  
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SAHP   solar-assisted heat pump 

SC   space cooling 

SFH   single family house 

SH   space heating 

SHW   solar hot water 

SWHP   heat pump used hot water from a solar collector as heat source 

SWH   solar water heater 

TES   thermal energy storage 

TRNSYS  TRaNsient SYstem Simulation program 

WSHP   water source heat pump 
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1. Introduction 
1.1 Background 

To meet the UK’s goal of Net Zero emissions of greenhouse gases by 2050, the sales 

of gas boilers will be phased out by 2033 [1]. Currently, according to EDF company, gas 

takes 78% of total energy consumption for heating in the UK [2]. In the UK, heating took 

up 48% of the total energy consumption in 2013, and the domestic sector accounted for 

57% of the entire heating demand [3]. In 2017, domestic heating took up 80% of the total 

domestic energy consumption [4]. It is important to find an alternative to the gas boiler to 

achieve clean heating in the domestic sector. 

Heat pumps (HPs) can be considered as a both energy efficient and renewable 

energy technology. The use of this technology to increase buildings' energy efficiency 

by utilizing low-grade thermal energy from existing heating supply systems is of 

significant interest today. By 2030, HP should provide 22.1% of domestic heating 

compared with 5% in 2019 [5]. The coefficient of performance (COP) and seasonal 

performance factor (SPF) are parameters to evaluate the performance of HPs [6]. HPs 

can be divided into air source heat pumps (ASHP), ground source heat pumps (GSHP), 

water source heat pumps (WSHP) and solar assisted heat pumps (SAHP). Depending 

on the purpose of the application, climate conditions, and technical and economic 

parameters, each of them has its own advantages and disadvantages. To significantly 

reduce energy consumption and improve the performance of HPs, many studies have 

been devoted to increasing the share of renewable energy. 

In the past two decades, many studies of solar assisted air source heat pumps 

(SAASHPs) for the domestic sector have been conducted. Two approaches to solar 

boosting that have been reported are direct expansion SAASHP (DX-SAASHP) and 

indirect expansion SAASHP (IX-SAASHP). In the DX-SAASHPs, refrigerant is 

circulated directly through the solar collectors which serve as the HP evaporator. 

Investigations on DX-SAASHPs were devoted to exergy analyses [7], performance 

evaluation of the entire system and individual components [8], refrigerants [9], various 

applications such as hot water (HW) provision [10], space heating (SH), drying and 

desalination [11].  

DX-SAASHPs have not been widely used compared with IX-SAASHPs. In IX-

SAASHPs, an intermediate heat transfer fluid is circulated through the solar collectors 

and the installation is simplified but requires an additional heat exchanger. An IX-
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SAASHP performs better than either ASHP [12] or solar heating [13]. For example, the 

application of serial IX-SAASHP in the Canadian domestic sector reduced green house 

gas (GHG) emissions by 19% [14]. The use of an air source evaporator in addition to a 

solar collector allows for extracting heat from the ambient air when solar radiation is 

not available, which expands the capability of the system. However, there is an issue of 

frost formation on the outdoor unit when the ambient air temperature is below zero, 

especially in humid regions. The COP and SPF of the system can be improved by 

integrating thermal energy storage (TES) [15, 16]. Current studies on IX-SAASHPs are 

focused on types of solar collectors including photovoltaic/thermal [17], energy and 

exergy analyses [18], components modelling [19], environment-friendly refrigerants 

[20], system performance and efficiency parameters [21], hydraulics and control [22], 

mathematical modelling approaches (artificial neural networks, life cycle assessment, 

TRNSYS, etc.) [23], different applications (SH, drying, desalination, etc.) [24], and 

market and economic analyses [25-27] and influences of ambient conditions [28]. 

Many theoretical, numerical simulations and experimental studies on SAASHP 

have been conducted in recent years. The utilization of SAASHP for HW and/or SH as 

well as space cooling (SC) has shown great achievements in the decarbonization of 

heating and cooling. However, previous studies on SAASHPs were focused on areas with 

latitudes below 50o where ambient temperature and solar irradiation intensity are relatively 

high. Applications of SAASHPs in regions at higher latitudes, such as the UK, are rarely 

considered. In addition, international environmental protocols have imposed restrictions 

on the use of refrigerants according to ODP and GWP parameters. This limits the 

utilisation of the commonly used refrigerants while current studies on the operation 

performances of SAASHPs using environment-friendly refrigerants are insufficient. 

1.2 Aims and objectives 

This study aims to find a renewable, reliable and reasonable heating system for 

domestic heating in UK weather conditions.  

The objectives of the project include: 

 to use TRNBuild software to establish the standard reference buildings;  

 to use TRNSYS software to simulate serial, parallel and dual-source IX-

SAASHPs for space heating and hot water in London; 

 to investigate the low-temperature heating performance of dual-source IX-

SAASHP heating system in UK weather conditions; 
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 to use a compound parabolic concentrator-capillary tube solar collector (CPC-

CSC) to improve the heating system. 

1.3 Contribution to the knowledge  

Currently, most existing studies of SAASHP are in mid-latitude regions. Higher 

latitude regions such as the UK (above 50o) are rarely considered. Solar collector adopted 

for SAASHP mainly follows the design for solar hot water (SHW) systems. Some specific 

solar collectors for SAASHP have been proposed but the performances using these 

collectors are not efficient. Most of them lead to a COP below 4.0. Solar collector 

matching TES methods is hardly considered. Details for the literature review will be 

discussed in Chapter 2. 

This study is focused on applications of heating systems based on SAASHP in UK 

weather conditions. The results suggest that parallel and dual-source SAASHP are feasible 

for domestic heating in higher latitude regions. CPC-CSC is used which has high collector 

efficiency at high temperatures, benefitting working with sensible TES methods. The 

system using CPC-CSC achieves an SPF of 4.7 in London weather conditions. 

In addition, operation performances of low temperature heating and ultra-low 

temperature heating are investigated. Different from district heating, this study is focused 

on individual domestic heating, which can give a reference for distributed heating. The 

results suggest that, using ultra-low temperature heating, electricity consumption can be 

reduced by 19% per year. This provides valuable inspiration for approaches to Net Zero. 

1.4 Thesis layout 

This work is aimed to study the application of IX-SAASHP for domestic heating in 

weather conditions in the UK. In Chapter 2, existing papers for the investigations of 

SAASHP have been reviewed in terms of system configuration, component innovation 

and defrosting methods. The current research status of SAASHP is concluded to find the 

potential to utilise SAASHP in the UK. 

In Chapter 3, three reference buildings under International Energy Agency (IEA) 

standards, single-family house (SFH) 15, SFH 45 and SFH 100 are modelled in TRNBuild 

to describe a general scope of different building types in the UK. The SFH 45 building is 

selected to represent a moderate space heating demand over a typical meteorological year 

in the following chapters.  

In Chapter 4, based on the model of the SFH 45 building, serial, parallel and dual-

source IX-SAASHPs are modelled in TRNSYS under weather conditions in London. The 

systems work for SH at 18-22 oC in heating periods and HW of 300 L/day over a year. 
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Corresponding economic analyses are conducted to understand the three kinds of IX-

SAASHP systems in the view of markets. 

In Chapter 5, the operation performances of dual-source IX-SAASHP with different 

hot water supply temperatures are simulated. The systems operate to provide SH and HW 

for the weather conditions in London, Aughton and Aberdeen. Corresponding economic 

analyses are conducted to understand the influence of hot water supply temperatures on 

costs and savings. 

In Chapter 6, to further improve the system performances, a compound parabolic 

concentrator - capillary tube solar collector (CPC-CSC) designed and modelled by our co-

operators from Beijing University of  Civil Engineering and Architecture is used for the 

dual-source IX-SAASHP systems. The CPC-CSC is modelled in TRNSYS based on the 

results of numerical simulations covering the weather conditions in the UK. Then the self-

written CPC-CSC module is used in the model of dual-source IX-SAASHP for SH and 

HW in London. The system using the CPC-CSC is compared with that using a flat plate 

collector. Comparison analyses for systems using different areas of CPC-CSC are also 

conducted, as well as economic analysis. 

In Chapter 7, conclusions obtained from the simulation results and analyses are 

summarised. The research focus for future work is proposed. 
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2. Literature Review 
 

Solar assisted air source heat pumps (SAASHPs) include direct expansion (DX-) 

SAASHP, indirect expansion (IX-) SAASHP and hybrid systems. In the DX-SAASHPs, 

the solar collector serves as an evaporator whereas in the IX-SAASHPs, a heat 

exchanger connects the refrigerant and water loops. The DX-SAASHPs mainly include 

basic and dual-source DX-SAASHPs. Compared with basic DX-SAASHP, the dual-

source DX-SAASHP has an extra air source heat exchanger [29]. The IX-SAASHPs 

mainly include serial and dual-source systems. In the IX-SAASHPs, a heat exchanger 

is used to transfer heat from the solar collector to the refrigerant. In the hybrid system, 

an ASHP is parallel to the solar HW loop. Some special SAASHPs have been studied, 

such as two-stage DX-SAASHP, vapour ejector-enhanced DX-SAASHP, auto-cascade 

IX-SAASHP, composite IX-SAASHP and trans-critical hybrid system.  

The performance of SAASHP is evaluated by the coefficient of performance 

(COP), seasonal performance factor (SPF) and solar fraction (SF). COP is defined by 

Eq. (2-1) [30] 

 

 COP = QHP, con / Wtot                                                                                                        (2-1) 

                                                                                                               

where QHP, con is the heating capacity and Wtot is the total electricity consumed by the 

compressor, fans and pumps given by Eq. (2-2)  

 

    Wtot = Wfan + Wcp + Wpump                                                                                           (2-2) 

 

where Wfan is the electricity consumed by fans, Wcp is the electricity consumed by the 

compressor, and Wpump is the electricity consumed by pumps. 

SPF is the seasonal performance factor that evaluates the efficiency over the whole 

heating season. It is the ratio of the total thermal energy delivered by the SAASHP to 

the total electric energy consumed by the compressor, pump and fan, given by Eq. (2-

3). 

 
𝑆𝑃𝐹 = ∫ 𝑄

HP,con
𝑑𝑡 / ∫ 𝑊

tot
 𝑑𝑡                                                                                         (2-3) 

 

where t is time. 

The SF is the solar fraction defined by Eq. (2-4) [31] 
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 SF = (Qsc – Qloss) /Qsup                                                                                                (2-4) 

 

where Qsc is the average amount of thermal energy collected by a solar collector, Qloss 

is the heat loss of the system and Qsup is the thermal energy supply to the building. 

The investigation methods on various SAASHPs available in the literature are 

briefly summarised in Table 2-1 It is apparent that basic DX-SAASHP and serial IX-

SAASHP draw the most attention. Experiments and theoretical analyses are two of the 

most common research methods. Simulation methods, especially using TRNSYS 

software, are mainly employed to study IX-SAASHP. 
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Table 2-1: 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 

Expe

ri-

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

-

latio

n 

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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2.1 Direct expansion system 
 

The DX-SAASHPs (see Figs. 2-1 and 2-2) use solar collectors as their evaporators to achieve 

higher COP due to higher evaporation temperatures. Simulation results by Chow et al. showed a year-

average COP of 6.46 [32]. Bare solar collectors (roll-bond evaporators) are preferably used in DX-

SAASHPs to reduce solar radiation loss by glass reflection and to extract thermal energy from 

ambient air. 

 

 
 

Fig. 2-1: Schematic of a DX-SAASHP (heating) (reproduced from [32]). 
 

 
 

Fig. 2-2: P-h diagram of the DX-SAASHP [20]. 

 

Fig. 2-2 shows the ideal thermodynamic cycle on the P-h diagram of the DX-SAASHP system. 

The superheating at the inlet of the compressor and the subcooling at the outlet of the condenser are 

indicated. In the actual cycle, the flow resistance results in a significant pressure drop at the outlets 

of the evaporator and the condenser. 

The evaporator can be arranged in series or parallel to the solar collector in DX-SAASHPs. Fig. 

2-3 shows a serial evaporator-collector system for HW [29]. This system has COPs ranging from 3.5 

to 2.5 as water temperature increases from 30 oC to 50 oC. Fig. 2-4 shows a parallel dual-source DX-
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SAASHP [34]. This system exhibits better COP than the DX-SAASHP shown in Fig. 2-3, especially 

at low solar irradiance [33, 34, 35]. The heat transfer rates in the solar collector and evaporator affect 

the distribution of refrigerant flows and hence determine the COP. Experimental results showed the 

COP of a DX-SAASHP in solar-source solely mode 30%-50% higher than that in ASHP mode [33]. 

Numerical simulation results showed that the averaged COP of a DX-SAASHP in the dual-source 

mode was 14.1% higher than that in the solar-source-only mode in low solar irradiance of 100 W/m2 

[34]. 

 

 
 

Fig. 2-3: Schematic of a DX-SAASHP for SC and HW (reproduced from [29]).  
 

 
 

Fig. 2-4: Schematic of a parallel dual-source DX-SAASHP [34]. 
 

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

temperature (60-90 oC) application (see Fig. 2-5) [36]. Fig. 2-6 shows the two-stage vapour-

compression cycles on the T-s diagram. The refrigerant evaporates in the solar collector to a saturation 

state (8-1) and is compressed by the low-pressure compressor (1-2).  The superheating vapour (2) is 

cooled in the flash tank by saturated liquid (7) up to saturated vapour (3). In the low-pressure cycle, 

the refrigerant is throttled in the expansion valve (7-8) and feeds the evaporator in state 8. For the 

high-pressure cycle, the saturated vapour is compressed by the high-pressure compressor (3-4) and 

then condensed in the condenser (4-5), and finally expands at the expansion valve (5-6). 
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Fig. 2-5: DX-SAASHP with two-stage vapour-compression cycles (reproduced from [36]).  

 

 
 

Fig. 2-6: T-s diagram of the two-stage DX-SAASHP [36]. 

 

Kuang and Wang designed a multi-functional DX-SAASHP for SH, SC and HW provision, with 

a radiant floor, a fan and a water tank [37]. The experiment expresses a COP of 2.1-2.7 for SH-only 

mode. In SC-only mode, this system adopts a storage tank to balance the night cold thermal energy 

storage and the daytime demand, but the cold energy storage efficiency (30%) and COP (2.9) are not 

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

daily. It should be noticed that this system is only studied in single-function modes. In multi-function 

mode, the interaction among components may result in heat losses and require more energy input. 

The system in the multi-function mode needs to be further studied.  

Vapour ejection can reduce the pressure ratio of compressors and thus improve system efficiency. 

Zhu et al. proposed a dual-nozzle vapour-ejector to assist the compressor and reduce energy 

consumption [38]. The arrangement of the vapour-ejector enhanced DX-SAASHP, as well as its p-h 
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diagram and vapour ejector construction are shown in Fig. 2-7 (a), (b) and (c). The dual-nozzle vapour 

ejector connects the low-temperature (air source) and the high-temperature (solar source) evaporators. 

The simulation results of this system show that the COP and heating capacity are 4.6%-34% and 

7.8%-52%, respectively, higher than those of the conventional vapour ejector-compression cycle. The 

ratio of pressures can be further reduced for a larger temperature difference between the two 

evaporators. 

            
 

(a) Schematic of the system                                              (b) p-h diagram 
 

 
 

(c)  Dual-nozzle vapour ejector 

 

Fig. 2-7: Dual-nozzle vapour ejector SAASHP system [38]. 

 

The vapour ejector enhanced DX-SAASHPs have been further developed in [39] and [40] (see 

Figs. 2-8 & 2-9). In [39], the superheated vapour discharged by the compressor condenses (2-3) and 

then flows into the throttle valve (3-4) and the liquid pump (3-6), respectively. The low-pressure 

stream absorbs heat from the air source (4-5). The high-pressure stream evaporates to the superheated 

vapour in the solar collector (6-7). The superheated vapour works as the primary flow of the vapour 

ejector and expands to a two-phase flow with little liquid (7-7’) to entrain the vapour from the 

evaporator (5-5’). The two streams are mixed in the mixing chamber (8) and are then compressed in 
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the diffuser (8-1) and the compressor (1-2). Theoretical analysis suggests that, compared with the 

conventional HP, this system can lead to increases of 15.3%, 38.1% and 52.8% in the COP, heating 

capacity and heating exergy output, respectively. 

      
 

(a) Schematic of the system                                           (b) p-h diagram 

 

Fig. 2-8: Vapour ejector enhanced SAASHP system and the corresponding p-h diagram [39]. 

 

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

ejector was analysed theoretically [40]. It has a pure vapour ejector-compression mode and a pure 

solar-assisted vapour ejector-compression mode. The superheated refrigerant vapour condenses to 

saturated or subcooled states (2-3). In mode A, the liquid works as the primary flow of the vapour 

ejector directly. In mode B, the liquid evaporates (3-4) in the solar collector and then works as the 

primary flow. The two-phase fluid is separated into saturated liquid (5-6) and saturated vapour (5-1) 

in the phase separator. The liquid part expands to two-phase fluid (6-7) and then evaporates to 

saturated or superheated states (7-8). This is the secondary flow of the vapour ejector. The vapour 

part is then compressed (1-2). The simulation results suggest that the COP and heating capacity are 

13.8% and 20.4% higher than those of the conventional vapour-ejector enhanced vapour-compression 

HP. On average, this cycle outperforms the vapour-compression HP in COP by 25.1%. However, 

these concepts lack validation from practical experiments. 
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(a) Schematic of the system. 
 

 
 

(b) p-h diagram of two operation modes 

 

Fig. 2-9: Adjustable vapour ejector enhanced SAASHP system [40]. 

 

2.2 Indirect expansion system 
 

IX-SAASHPs include serial and dual source systems. In serial IX-SAASHPs, the thermal energy 

collected by the solar collector heats the water in the water loop and the hot water is circulated to the 

evaporator of the HP. Dual-source IX-SAASHP enables both ambient air and solar energy as heat 

sources. Generally, the systems of IX-SAASHPs are more complicated than DX-SAASHPs. 

Serial IX-SAASHPs use the thermal energy collected by the solar collector as the heat source. 

To balance the heat demand and supply, TES connects either to the solar collector and the evaporator 

(see Fig. 2-10(a)) or to the condenser and the end use (see Fig. 2-10(b)). The TES also works as a 

buffer to reduce the noise and voltage shocks caused by the frequent start-up and shutdown of HP. In 
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Fig. 2-10(a) SH by air is achieved by condensers placed in rooms. In Fig. 2-10(b) SH by water is 

achieved by circulating hot water to radiators. Although the utilisation of solar thermal energy 

increases the HP performance, the system COP is lower than that of the HP due to the power 

consumed by the additional components. Experimental results of a serial IX-SAASHP showed an HP 

COP of 3.8 and its system COP of 2.9 [41]. Experimental results of a similar serial IX-SAASHP 

showed the HP COP ranging from 2.5 to 3.5, and the system COP is around 20% lower [42]. Fig. 2-

11 illustrates a serial IX-SAASHP with dual TES tanks [43]. Compared with IX-SAASHPs in Fig. 2-

11 (b), this system can reduce the frequency of HP start-up and shutdown.  

 

 
 

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

 

 
 

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

 

Fig. 2-10: Serial IX-SAASHP. 
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Fig. 2-11: Serial IX-SAASHP using dual water tanks [43]. 

 

 

Fig. 2-12 shows a dual source IX-SAASHP which utilises both solar thermal energy and ambient 

air as the heat sources. Two evaporators are separately connected to an air-water heat exchanger and 

solar collector loop. A TES tank is in the solar collector loop. The HP provides HW and SH by air. 

Cai et al. conducted numerical and experimental studies of a multi-functional dual-source IX-

SAASHP [44]. In HW mode, when the solar water temperature increases from 20 oC to 35 oC, the 

electricity consumption increases by 16.5% and the COP increases by 15.9%. The COP increases 

from 2.35 to 2.57 with the solar irradiance increasing from 0 to 800 W/m2. In SH mode, when the 

solar water temperature increases from 20 oC to 40 oC, the COP increases by 20.2%, and the heating 

capacity increases by 42.6%. While the COP decreased by 26.3% and heating capacity decreased by 

7.5% with the increase in indoor air temperature from 16 oC to 28 oC. 

 

 
 

Fig. 2-12: Dual source IX-SAASHP. 1 - compressor, 4 – air source evaporator, 5 – heat exchanger, 9 - 

condenser, 10 – water tank, 13 – water TES tank, 14 and 15 – two solar collectors [44]. 

 

Numerical simulations were performed to compare the performance amongst the serial and dual-

source IX-SAASHPs and hybrid SAASHP [46]. The results show that a hybrid SAASHP using a solar 

collector of 14 m2 achieves an SPF of 3.65 and consumes 2317 kWh of electricity, while a serial IX-
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SAASHP using a solar collector of 30 m2 achieves an SPF of 3.53 and consumes 2401 kWh of 

electricity. A dual-source IX-SAASHP using a solar collector of 14 m2 achieves an SPF of 3.70 and 

consumes 2289 kWh of electricity. It is seen that the performance of the dual-source IX-SAASHP 

and hybrid SAASHP are almost the same. Due to the system's simplicity, the hybrid SAASHP is more 

attractive. However, some experimental studies draw opposite conclusions. Experimental studies in 

[47,48] show a COP of 4.0 of a serial IX-SAASHP and a COP of 3.0 of a hybrid SAASHP, 

respectively. Experiments in [49] found that a serial IX-SAASHP can reach a COP of 2.95, and a 

dual-source IX-SAASHP can reach a COP of 2.90. 

Fig. 2-13 shows a novel component and system configuration proposed based on conventional 

IX-SAASHP [50]. The composite heat exchanger is used to replace the conventional water-to-water 

heat exchanger in serial IX-SAASHPs to absorb solar thermal energy and thermal energy from 

ambient air. A composite heat exchanger is designed by inserting a tube into a finned tube. Hot water 

from the solar loop flows inside the inner tube and refrigerant flows in the annulus. This system has 

three working modes i.e. solar-only, air-only and dual-source modes. Experimental results show that, 

compared with the air-only mode, in the dual-source mode, the COP increases by 59% and the heating 

capacity increases by 62% at the ambient temperature of -15 oC. When the temperature difference 

between solar water and ambient air is 5 oC, the COP and heating capacity in the dual-source mode 

are 49% and 51% higher than those in the air-only mode. 

 
 

(a) Schematic of the system 
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(b) Composite heat exchanger 

 

Fig. 2-13: Dual-source IX-SAASHP with a composite heat exchanger [50]. 
 

The use of two coupled compression cycles may incur high capital costs and electricity 

consumption. To reduce energy costs, a solar-assisted auto-cascade HP using a single compressor 

with zeotropic mixture R32/R290 has been proposed to maintain a wide range of outdoor air and 

heating circuit temperatures (see Fig. 2-14) [52]. To achieve an auto-cascade cycle, a phase separator 

is used with the cascade heat exchanger. The compressed superheated vapour (1-2) condenses to 

saturated or subcooled liquid (2-3). Then the liquid flows through the sub-cooler I (3-4) and expansion 

valve I (4-5) into the flash tank, where the two-phase fluid absorbs heat from the solar heating loop 

(5-6). The refrigerant is separated into the R290 dominant liquid (6-6l) and the R32 dominant vapour 

(6-6v). The R290 dominant liquid is passed through expansion valve II (6v-7) to the cascade heat 

exchanger and vaporised completely (7-8). The R32 dominant vapour is transferred to the cascade 

heat exchanger (6v-9) and thoroughly condensed via the sub-cooler II (9-10). Then the condensed 

fluid goes to the low-temperature evaporator through expansion valve III (10-11), absorbing heat 

from ambient air (11-12). Fluids from the low-temperature evaporator flow back through the sub-

cooler II (12-13). Then it (13-14) is mixed with the vapour from the cascade heat exchanger (8-14) 

and returned to the compressor through the sub-cooler (14-1). Simulation results suggest that, 

compared with conventional ASHP, this novel system increases COP and volumetric heating capacity 

by 4.2%-9.9% and 4.4%-9.7%, respectively. These improvements greatly rely on the heat absorption 

ratio and the composition of the zeotropic mixture.  
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(a) Schematic of the system 

 
 

(b) p-h diagrams of the cycles 

 

Fig. 2-14: Solar-assisted auto-cascade ASHP [52]. 

 

Fig. 2-15 illustrates a composite IX-SAASHP with an HP parallel to the solar collectors in cold 

weather conditions in Canada [53, 54]. The hot water leaving the solar collectors is further heated up 

in the condenser of the HP and then heat the water in the TES tank. The HP absorbs residual heat after 

the heat exchange and cools the water entering the solar collectors. The reduced collector inlet 
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temperature improves the collector efficiency and thus the COP. It requires a lower capacity HP and 

consumes less electricity. 

 

 
 

Fig. 2-15: A composite IX-SAASHP (reproduced from [15]).  
 

2.3 Hybrid system 
 

In hybrid SAASHPs (see Fig. 2-16), ASHP and solar collector water loops work independently. 

In Fig. 2-16 (a) HW and SH by air are achieved by an ASHP and solar heating with a TES tank. In 

summer, the ASHP can provide SC. In Fig. 2-16 (b) an ASHP and a solar collector loop provide hot 

water to a TES tank to achieve SH by water. Compared with serial systems, hybrid SAASHPs are 

more widely used [10]. 

 
 

(a) Hot water and space heating by air (reproduced from [63]).  
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(b) Space heating by water (reproduced from [15]).  

 

Fig. 2-16: Hybrid SAASHP. 
 

A single-stage vapour-compression HP cannot deliver heat above 50 oC at low ambient 

temperatures. To increase the temperature range between the outdoor air and the heating circuit, two-

stage cascade HPs are used in cold climate regions or to ensure the demand for a higher temperature 

lift. A solar-assisted two-stage cascade HP is proposed by Yerdesh et al. [51] where solar thermal 

collectors and a cascade ASHP simultaneously heat the hot water in the TES tank (see Fig. 2-17). It 

was shown that combining a cascade ASHP with solar collectors increases energy efficiency by 30% 

compared with a conventional two-stage cascade HP. The cascade HP includes two single-stage 

cycles that operate separately with two different refrigerants, the low temperature cycle (LTC) and 

the high temperature cycle (HTC). Using the R32/R290 refrigerant pair, this system can have the 

maximum COP of 2.4 when the condensing temperature is 50 oC and evaporating temperature is -10 

oC. 
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(a) Solar collector loop 

 

 
 

(b) Cascade HP loop 

 

 
 

(c) p-h diagram. 

 

Fig. 2-17: Solar-assisted cascade ASHP [51]. 
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A solar thermal collector can be integrated with a hybrid trans-critical carbon dioxide (CO2) HPs 

for SH, SC and HW (see Fig. 2-18) [55, 56, 57, 58]. In SH and HW mode, the COP and heating 

capacity are about 2.3 and 6 kW [57, 58], while in SC mode the COP and heating capacity are 4 and 

8 kW, respectively [55].  

 
 

Fig. 2-18: Trans-critical SAASHP [55]. 

 

2.4 Solar collector 
 

The solar collector is an important component for the thermal energy input of SAASHPs. A flat 

plate collector is commonly selected in recent studies. To absorb more thermal energy from ambient 

air, the collector/evaporator is designed by coating solar selective materials on the surface of an 

evaporator. Collector/evaporator is mainly used in DX-SAASHPs. In IX-SAASHP, evacuated tube 

solar collectors draw more attention. Fig. 2-19 introduces the matching relation between solar 

collectors and system configurations. Table 2-2 lists some open literature where collector/evaporator 

and evacuated tube collectors have been employed in SAASHPs. It can be noticed that systems using 

advanced solar collectors can achieve a COP of 3-5. Especially, those for SH can work at ambient 

temperature below 0 oC. 
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Fig. 2-19: Matching relation between solar collectors and system configurations. 
 

The thermal energy collected by a solar collector, Qsc, is determined by Eq. (2-5) [59] 
 

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

 

where A, Esc, and ηsc are the area, the average amount of energy received per square meter and 

collector efficiency, respectively, a and b are coefficients determined by experiments, Tsc,in is the 

water/refrigerant temperature at the inlet of solar collector, Tamb is the temperature of ambient air, and 

L is the average monthly value of atmosphere lucidity.  

 

2.4.1 Flat plate solar collector 
 

Flat plate collectors are commonly adopted in SAASHPs. Bare (uncovered) flat plate collectors 

enable to use of thermal energy from solar radiation and ambient air. The experiment of Sun et al. 

[60] suggests that, at the outdoor temperature of 0 -10 oC, the collector efficiency of a bare solar 

collector ranges from 40% to 70%, where water vapour condensation occurs on the solar collector. 

The experiment study of Scarpa and Tagliafico [61] suggests that, due to water vapour condensation 

on the solar collector, a DX-SAASHP using a bare collector achieves a COP of 5.8 at weak solar 

radiation. 

There is a noticeable influence of collector area on system performance. Increasing the collector 

area can enhance the SF of a SAASHP [30], almost in a linear relation [62]. A larger collector area 

can improve COP since it brings more solar energy input [63]. Both system configuration and 

collector area affect collector efficiency. With the same collector area of 30 m2, the collector in a 

serial IX-SAASHP shows higher collector efficiency (62%-70%) than that in a hybrid SAASHP (with 

a ηsc of 54%-60%) [47, 48]. With a smaller collector area of 20 m2 in a serial IX-SAASHP, the collector 

efficiency ranges from 33% to 47% [41]. 
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Table 2-2: Utilisation of collector/evaporator and evacuated tube collector 

 

Authors Location 

 

Function 

of HP 

Refrigera

nt  

Solar collector TES Tamb (oC) HC  

(kW) 

COP Comments Related 

work type area (m2) type Vol. (m3) 

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 CO2 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 -  
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Youssef et 

al., 2017 

[81] 

London, UK 

51°N   

HW R134a evacuated 

tube  

3.021 water 0.3 - 0.54-

0.81 

4.21-

4.99 

A serial/dual-source 

IX-SAASHP 

 

paraffin 30 kg  

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 a 

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

1.11 water 0.04 8-15 0.35-

0.55 

1-4  [202] 
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nel solar 

regenerator 

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 

Cruickshan

k, 2021 

[219] 

- HW R134a air-type 

solar 

collector 

1.26 water 0.189 - - 1.9-2.4  [220], 

[221] 
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To improve collector efficiency, collector plate can be coated with black paintings [31, 43, 46, 

47, 48, 64, 65, 66, 67, 68, 69]. Some collectors use serpentine tubes or other special tubes between 

the plates [35, 65, 70]. The simulation results of a DX-SAASHP using an uncovered and coated 

collector with a serpentine tube over a year showed daily COPs varying from 1.7 (in summer) to 2.5 

(in autumn) with an average value higher than 2.0. [65]. The simulation results of a DX-SAASHP 

using a flat plate collector with a spiral tube showed monthly COPs between 4.0 (in summer) and 6.0 

(in winter) [70]. The “contradictory” COPs in summer and winter are due to the high water 

temperature in summer which leads to high condensation temperature and low system efficiency. In 

terms of the effect of weather conditions, the simulation results of a DX-SAASHP using a flat plate 

collector with a serpentine tube showed COPs from 3.83 to 4.69 on sunny days [71]. Especially, in 

rainy winter, the average COP can still achieve 3.3, with the lowest COP of 2.51. Similar conclusions 

can be drawn from experiments where the average COPs vary from 5.21 to 6.61 [72, 73]. On a rainy 

night, COP can still reach 3.11 [74].  

A novel flat plate collector whose absorber plate is a dimpled and spot-welded steel radiator is 

shown in Fig. 2-20 [67]. With an area of 11m2, this novel collector achieves an average collector 

efficiency of 67.2% at low operating temperature in a serial IX-SAASHP. The system COP is 2.19 

and the COP of HP is 2.55. As a comparison, another serial IX-SAASHP using a conventional flat 

plate collector obtains a collector efficiency of 60.1% but a system COP of 3.08 [75].  

 

 
 

Fig. 2-20: A novel flat plate collector [67]. 
 

2.4.2 Solar collector/evaporator 
 

The heating reliability of DX-SAASHP is better than that of direct solar heating since DX-

SAASHP can consume more electricity to maintain supply temperature at lower solar availability, but 

still worse than that of ASHP. To further improve the reliability of DX-SAASHP, both solar and 

ambient thermal energies can be used by adding an air evaporator or using an uncovered flat plate 

collector. For example, a collector area of 3.24 m2 is considered ideal for an uncovered flat plate 

collector in a DX-SAASHP [76].  

To earn a higher year-average COP, a larger flat plate collector can be used but it is not 

economical [32]. Kaygusuz suggests that, when the number of collectors is doubled, COP is increased 
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by 37% while the cost is increased by 65% [31]. Thus, to improve COP at a low cost, a 

collector/evaporator, designed by coating the evaporator surface with solar selective materials, is a 

good alternative to extract more thermal energy. The average COP of a system using a finned tube 

collector/evaporator is 2.94, 8.1% more than that of conventional ASHP [77]. The average heating 

efficiency and exergy efficiency are raised by 20% and 8%, respectively.  

 

2.4.3 Evacuated tube solar collector 
 

IX-SAASHPs and hybrid SAASHP for SH require a large collector area of flat plate collector. 

For a serial-hybrid SAASHP, a simulation study reveals a reasonable collector area of 35 m2 for a 

covered flat plate collector [66]. To obtain a smaller system, the evacuated tube collector is an 

alternative. Simulation and experimental results of a serial IX-SAASHP using evacuated tubes show 

the maximum COPs of 6.33 and 6.38, respectively [78]. For a hybrid SAASHP using evacuated tube 

collectors, the COP can be around 5 at the highest daily solar irradiance [79]. The evacuated tube 

collector can be integrated with latent TES to further improve thermal performance. For example, an 

experiment of a serial IX-SAASHP using both an evacuated tube collector and latent TES shows a 

COP of 10.03 [80]. This high COP may result from the improvements in both solar collector and TES 

methods. 

 

2.5 Thermal energy storage 
 

TES is used to balance energy demand and supply. SAASHPs need to mitigate solar energy 

discontinuity since an overcast for more than 20 minutes can lead to an apparent decrease in the outlet 

temperature of the collector [83]. Both sensible and latent heat TESs are used in SAASHPs. The 

seasonal TES is suitable for regions with larger seasonal variations of solar energy availability and 

heating demand. Table 2-3 summarizes the studies involving latent heat and seasonal TESs. The 

studies on the sensible heat TES are summarized in Tables 2-4 and 2-5. On average, with 

improvements in storage methods, systems can perform better with an SPF of around 4-5.   
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Table 2-3: Studies of SAASHPs using latent heat and seasonal TESs 
 

Authors Location Function 

of HP 

Refrigerant Solar collector TES Tamb 

(oC) 

Tcon 

(oC) 

HC  

(kW) 

COP SPF Comments Related 

work type area 

(m2) 

type volume 

(m3) 

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 

CaCl2 

 

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 

/m2 

- 2-7 -   

water/ice 10-30 

20-40 waste 

water 

0.13 0.0114 

/m2 

- 2-

4.5 

water/ice 20-50 

Carbonel

l et al., 

2014 

[82] 

Strasbourg, 

France 48°N     

SH, HW - covered 

(includin

g 5 m2 

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 



 50 

preheated by 

solar as a 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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2.5.1 Sensible heat thermal energy storage 
 

Typical air, geothermal and water source HPs make use of sensible heat as heat sources. Sensible 

heat can also be used to store thermal energy. Water and soil are widely used as mediums for sensible 

heat TES. The maximum capacity for sensible heat TES, Qmax, is determined by Eq. (2-6) [30] 

 

Qmax=ρVcp(Tmax - Tmin)                                                                                                            (2-6) 

 

where ρ, V and cp are the density, volume and specific heat capacity of the TES medium. Tmax is the 

temperature of the TES tank fully-charged and Tmin is the temperature of the TES tank fully-

discharged.  

Geothermal TES can be integrated into a serial IX-SAHP using boreholes as the TES container 

(see Fig. 2-21) [84]. A numerical simulation of a solar-geothermal hybrid HP showed that the system 

can save energy by 2.08 TJ per year, equivalent to 70-ton standard coal and corresponding to 234-ton 

carbon dioxide emission [85]. An experiment demonstrated that the utilisation of ground TES helps 

to improve the COP from 2.95 to 3.36 compared with SAASHP [49]. However, since a deep borehole 

is required for sufficient heat exchange with the ground, the excavation increases the installation cost 

of geothermal heat exchangers. Moreover, the heat stored in summer may not equal the heat extracted 

in winter, influencing underground temperature balance [85].  

 

 
 

Fig. 2-21: Solar-geothermal hybrid source HP (reproduced from [84]).  

 

Water TES is more popular than geothermal TES since water has a higher thermal capacity and 

the manufacturing of water tanks requires much less capital cost. Water tank with a high degree of 

thermal stratification shows 5.3% energy saving over one year than fully-mixed water tank [86] 

because the uniform distribution of water temperature reduces exergy [87]. Diffusers can be used to 
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enhance thermal stratification. This increases the energy efficiency of the system by 15%-20% 

compared with that using a fully-mixed water tank [88]. A low water flow rate contributes to a high 

degree of thermal stratification. Therefore, the water flow rate can be optimized considering the 

heating capacity and COP [44]. Water TES can be integrated with other components for heat recovery. 

An early study of a DX-SAASHP nested the evaporator/collector into a solar pond (TES) [89]. It 

achieved a COP higher than 3.0 in winter and a maximum COP of 8.4 in summer. A numerical 

simulation showed that recovering heat from waste-water stored can enhance the SPF of a SAASHP 

from 4% to 20% and recovering heat from drain water can improve the SPF by 2% [90].  

 

2.5.2 Latent heat thermal energy storage 

 

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

and is greatly larger than sensible thermal energy. A study on a serial/dual-source IX-SAASHP 

suggests that latent heat TES can increase the COP by 6.1% and 14% on sunny and cloudy days [81]. 

Another study designs a multi-function system which uses solar energy, latent TES and ground source 

[91]. In the latent TES mode, this SAHP achieves an average COP of 4.86, almost twice of that the 

GSHP mode. When the latent heat TES is used as a heat source, a COP of 4.67 has been achieved. 

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

configurations. For example, for both serial IX-SAASHPs and hybrid systems, the storage 

efficiencies of PCM-filled tanks are equal to 63% [47, 48]. Due to some characteristics of PCM, such 

as the volume change during the phase change process, tank selection for latent heat TES differs from 

that for sensible heat TES. Using a rectangular tank can decrease the melting time by 50% compared 

with using a cylindrical tank with the same volume and heat transfer area [92]. 

A novel triple-sleeve heat exchanger has been proposed as shown in Fig. 2-22 [93]. The 

refrigerant flows in the inner tube and PCM is filled between the inner and the middle tubes. Heat 

transfer fluid absorbs thermal energy in the solar collector and flows inside the outer tube. The effect 

of the temperature of the heat transfer fluid on TES is higher than that of its flow rate. Ni et al. 

investigated a SAASHP with this triple-sleeve heat exchanger [94]. Compared with an ASHP, at an 

ambient temperature above 38 oC, the cooling COP of the SAASHP using the novel heat exchanger 

is 17% higher; at an ambient temperature below -10 oC, the heating COP of this system is enhanced 

by 65% [95].  
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Fig. 2-22: Triple-sleeve heat exchanger [93]. 

 

Commonly used PCMs include paraffin, calcium chloride (CaCl2), sodium sulphate (Na2SO4) 

and ice slurry. A novel serial/dual-source IX-SAASHP with paraffin for latent heat TES shows 

improvement in COP, especially on cloudy days [119]. A serial-hybrid SAASHP using CaCl2 as the 

TES medium reaches a seasonal COP of 4.5 with a storage efficiency of 0.62 [96]. Generally, PCMs 

have poor thermal conductivity, which leads to higher thermal resistance and lower heat transfer. It 

also increases the time of charging and discharging processes, and thus impacts the overall system 

efficiency. However, studies involving both sensible and latent heat TESs suggest that latent heat TES 

is superior to sensible heat TES. A dual-tank serial IX-SAASHP using Na2SO4 shows a COP of 10.03, 

about 3.5 times higher than that of a system only using sensible heat TES [80]. The collection 

efficiency (the ratio of thermal energy stored in water or PCM to the collected solar thermal energy) 

increases by 50% when the latent heat TES is used, while the influence of the sensible heat TES is 

negligible. Another dual-tank serial IX-SAASHP using ice slurry as the PCM reaches an SPF of 4.6, 

where solar energy meets 78% of the heat demand [62]. 

Water/ice is the most available and eco-friendly PCM. Compared with an electrical resistance 

heating system, a serial IX-SAASHP using ice slurry as the PCM saves energy consumption by 86% 

[54, 97]. However, a SAASHP using sensible heat TES can also save 81% of energy consumption. A 

model of a reversible ice storage tank, which uses three plate heat exchangers: two attached to the 

tank wall and one inserted in ice, was proposed and validated for solar heating [98, 99]. Based on the 

model, the SPF of a SAASHP using ice storage is predicted to be around 5.0 [82]. For the ice storage 

buried in a borehole, energy extraction can be influenced by ground properties [100]. Under two 

extreme ground conditions, the energy injection of the two heat exchangers on the wall fluctuates by 

6%, and the energy injection of the heat exchanger in ice significantly fluctuates by 20%. 

It should be noticed that increasing collector area or latent heat TES volume can improve system 

performance. Taking economic factors into account, to achieve the same performance, an increase in 

collector area is more beneficial [46, 62, 82].  
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2.5.3 Seasonal thermal energy storage 
 

Solar TES includes daily and seasonal storage. The daily storage stores solar thermal energy 

collected during the daytime and releases it at night. The seasonal TES stores the solar thermal energy 

collected in summer for heating in winter and/or in winter for cooling in summer. The seasonal TES 

is suitable for high latitude regions where seasonal solar energy and heating demand are dramatically 

mismatched [101]. Seasonal TES allows solar energy to provide more than 50% of the annual heating 

demand [102]. Compared with daily TES, seasonal TES requires a large storage volume and collector 

area, consequently high cost [30]. 

Commonly used mediums for seasonal TES include water, gravel-water, ground and aquifer. 

Different mediums require different start-up time to pre-heat surrounding soil up to normal operating 

conditions [102]. Tanks using water and gravel-water need to be buried (partly) in the ground. The 

ground and aquifer are directly employed as underground TES mediums. The buried water tank can 

be independent of ground properties due to its good insulation [102]. This additional insulation cost 

can be partly compensated by lower excavation costs. The results of a serial IX-SAASHP using an 

underground hemispherical surface tank for seasonal TES suggest that a small burial depth is capable 

of achieving desired annual COP and temperature of the storage tank [68, 69]. The aquifer and ground 

TESs have better economic efficiencies than burial tanks [103]. Combining cost effective methods 

with high thermal capacity methods may improve the system performance. For example, a system 

combining hot water and ground storage achieves an SF of 74% and a system COP of 4.4 [104]. It is 

worth noting that the change in ground temperature may bring disadvantages to the environment [30]. 

Water has a higher specific heat capacity while solid mediums allow a higher temperature range 

for higher TES capacity [105]. In the cold climate regions, since the heat loss increases with the 

increase in temperature difference between storage mediums and surroundings, low-temperature 

seasonal TES is suitable [106] and benefits storage stratification and thus storage efficiency [107]. 

The lower temperature of the fluid entering the solar collector also improves collector efficiency [108]. 

PCM is a promising medium for low-temperature seasonal TES. The size of the latent heat TES is 

much smaller than that of a sensible heat TES. Numerical simulations were conducted to examine the 

annual periodic performance of a dual-source IX-SAASHP using a seasonal latent heat TES [109]. 

This system achieves an SPF of about 4.2. 

 

2.6 Defrosting 
 

The frosting is an issue influencing the reliable operation and efficiency of ASHPs in winter, 

especially in humid regions. Frost build-up on the surface of the evaporator deteriorates heat transfer 

and efficiency and eventually shutdown of ASHPs [110,111]. The mechanisms of frosting and 
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defrosting on the surface of the evaporator are reviewed in [112, 113, 114]. Song et al. [114] 

comprehensively reviewed the defrosting methods including cycle reversing [115], hot gas bypass 

[116], electric heater [117], dehumidification [118] and polymer coatings [119]. The principle of the 

cycle reversing, hot gas bypass and electric heater is to melt the frost layer. The periodic defrosting 

required not only consumes electricity but also causes mismatching in the heating demand. The cycle 

reversing requires a well-designed control strategy to balance the SH demand and effective defrosting 

[115]. The dehumidification requires replacing or regenerating desiccant periodically as the moisture 

absorption capacity drops [118]. The polymer coating enables the reduction of the surface free energy 

and ice adherence force and hence delays frosting [119], where the challenge is to sustain the 

performance of the coating surface.  

TES can assist the conventional defrosting methods [114, 120]. As shown in Fig. 2-23, a PCM 

storage is parallel to the condenser [121]. During the period of reverse-cycle defrosting, no thermal 

energy is provided for indoor SH. The stored heat assists to shorten the defrosting period by 38% 

[122]. The PCM storage is placed around the compressor to use the waste heat [123]. During the 

reverse-cycle defrosting, ASHP continues to provide SH because the stored waste heat is delivered to 

both indoor and outdoor heat exchangers. The defrosting time and total energy consumption are 65% 

and 27.9%, respectively, lower than conventional reverse-cycle defrosting. Over the whole test period, 

the COP and total heating capacity increased by 1.4% and 14.2% with the power input increasing by 

12.6%.  

 

 
 

Fig. 2-23: Reverse-cycle defrosting ASHP system with energy storage [121, 122]. 

 

Fig. 2-24 shows an ASHP using a PCM-filled tank and an additional evaporator coated with 

desiccant in series [124]. This system enables continuous heat provision in both heating and 

regeneration modes. In the heating mode, the air is dehumidified as it flows through the desiccant-

coated evaporator (9) and then flows through the evaporator (12). The refrigerant is condensed in a 
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condenser embedded in the water TES tank (4) and then releases the residual heat in the PCM TES 

tank (6). The refrigerant absorbs the latent heat released during the air dehumidifying process in the 

desiccant-coated evaporator (9). This increases the evaporation temperature of the evaporator (12) to 

avoid frosting. In the regeneration mode, refrigerant is condensed in a condenser embedded in a water 

TES tank (4) and releases the residual heat for desiccant regeneration as it flows in two evaporators 

(9 and 12). The refrigerant vaporises as it flows through the PCM TES tank (6) and absorbs the stored 

thermal energy. Experimental results of this ASHP show a COP of 2.81, 7.3% and 46.3% higher than 

those of hot-gas bypass defrosting and electric heaters [124]. The heating performance of ASHP is 

also superior to that of ASHP using reverse-cycle defrosting, especially in cold weather conditions 

[125]. 

 

 
 

Fig. 2-24: ASHP with energy storage and dehumidification [124, 125]. 1 - compressor, 4 - water 

TES tank, 6 - PCM TES tank, 9 - desiccant-coated evaporator, 12 – evaporator. 
 

For SAASHP, defrosting is only a concern for outdoor evaporators. Solar thermal energy helps 

to reduce frost on solar collectors [126]. Kong et al. [127] numerically and experimentally studied a 

DX-SAASHP under frosting conditions. The results showed that frosting on solar collectors can be 

significantly delayed. Experiments [128] show that the frosting on a solar collector is much slower 

than that on an evaporator and after a 6-hour experiment, frost is merely seen on the solar collector. 

At a lower solar irradiance of 100 W/m2 and higher relative humidity of 70%, no frost is observed 

when the ambient temperature is higher than -3 oC. 

 

2.7 Observations and outlook 

 

     Current studies on SAASHP focus on the match and improvements of system configuration. 

However, there is a lack of improvements in each component and its matching application in SAASHP. 
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This section summarises recent research status in terms of system configuration, solar collector, TES, 

working conditions, refrigerants and their influences on system performance. In addition to Table 2-

2 summarizing the details regarding the utilisation of collector/evaporator and evacuated tube solar 

collector and Table 2-3 summarizing the details about the studies of SAASHPs using latent heat and 

seasonal TESs, Tables 2-4 and 2-5 give the details of the typical studies of DX-SAASHP and IX-

SAASHP. The statistic summaries given in these tables provide an overall view of the studies on this 

topic and sufficient information for the further analysis below. 
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Table 2-4: Research on DX-SAASHP using flat plate collectors and water tank 

 
Authors Location 

 

Functio

n of HP 

Refrigera

nt 

Solar collector Volume of 

TES (m3) 

Ta 

(oC) 

Tcon 

(oC) 

HC  

(kW) 

COP Relate

d 

work 
type area 

(m2) 

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 /m2 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 
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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  
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Table 2-5: Research on IX-SAASHP and hybrid SAASHP using flat plate collector and water tank 

Authors Location Functio

n of HP 

Refrigerant Solar collector Volume of 

TES (m3) 

Ta 

(oC) 

HC  

(kW) 

COP SP

F 

Relate

d 

work 
type area (m2) 

Freeman et al., 

1979 [63] 

Madison, USA 

43°N   

SH, HW - - 10, 20, 

30, 40, 

50, 60 

0.075 per 

m2 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] 
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Banister and 

Collins, 2015 

[169] 

-  HW - - 2.5, 5, 

7.5, 10 

0.3, 0.45 - - 2.3-6.3 -  

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 -  
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Li and Kao, 

2018 [240] 

- HW - - 5 0.4+0.2, 

0.5+0.25, 

0.6+0.3 

4-30 - - -  

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 -  
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Working fluid determines the selection of the compressor and therefore the corresponding 

components. Fig. 2-25 summarises the number of open literature per year for SAASHPs using 

different refrigerants. It can be seen that, generally, the number of studies on SAASHPs shows 

an apparent increase in the past 10 years. Currently, refrigerants such as R22, R134a, R32, 

R410A  and R407C are normally used in HPs due to their good thermodynamic and 

thermophysical properties [20]. Due to the composition shift and temperature glide, the 

currently used mixed refrigerants have technical limitations [129]. The parameters that 

determine the environmental impacts of refrigerants are the ozone depletion potential (ODP) 

and global warming potential (GWP). These parameters are high for the specified refrigerants. 

International environmental protocols [130, 131, 132] have imposed restrictions on the use of 

refrigerants according to ODP and GWP parameters. According to the Kigali Agreement [131], 

natural refrigerants such as hydrocarbon refrigerants and carbon dioxide (R744) were found to 

be long-term sustainable options for HPs [20]. For example, the performances of R1270 and 

R290 are closer to that of R22 but their flammability requires more safety considerations while 

retrofitting [83]. Current studies on environment-friendly refrigerants with low GWP, such as 

R32 and R290, are insufficient and need to be further investigated. R32 is a more environment-

friendly alternative refrigerant to R410A in HPs and it is most commonly used in Japan for 

supplying HW. However, due to flammability (A2L) issues some countries are researching 

other retrofits, such as R454B. R290 is the most popular refrigerant for НРs in Europe not only 

for HW but also for SH applications. The recent increase in refrigerant inventory limit (IEC 

60335-2-89 [133]) enables greener refrigerants such as R32 and R290 in these applications. 

 

 
 

Fig. 2-25: Number of papers published in journals per year for SAASHPs using different 

refrigerants.  
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The geographic location affects solar availability and thus the research interests on 

SAASHP. Fig. 2-26 shows the number of investigations on SAASHPs in different countries. It 

can be noticed that the majority of studies have been located in China (48%), Turkey (10%), 

the USA and Canada (5%). The studies in the UK are only 3%. SAASHPs for the domestic 

sector are mainly investigated by researchers from mid-latitude (20o - 50o) countries where SH 

is required in winter and HW is required throughout the year under the medium solar energy 

availability and temperate climate conditions (-15 oC - 30 oC). SAASHPs for high-latitude areas 

need to be further investigated. 

 

 
 

Fig. 2-26: Distribution of investigations in countries. 
 

Generally, the higher solar irradiance leads to the higher COP of SAASHP [33, 71, 73, 77, 

134, 135, 136, 192]. For example, a numerical simulation of DX-SAASHP for HW has tested 

the effects of various parameters (see Figs. 2-27 and 2-28) [73]. As solar irradiance increases 

from 300 to 1000 W/m2, COP increases from 4.2 to 6. In this process, solar collector efficiency 

decreases from 1.5 to 0.85. It should be noticed that an uncovered collector is used in the study 

which absorbs thermal energy from both solar irradiation and ambient air. At lower solar 

irradiance, the collector mainly absorbs thermal energy from ambient air and achieves an 

efficiency over 1; at higher solar irradiance, the collector mainly absorbs thermal energy from 

solar energy and the efficiency is lower than 1 because of heat loss. For a covered collector, the 

trend is the same but less apparent [108]. 
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Fig. 2-27: Effects of solar irradiance IT on COP of the SAASHP and the collector efficiency cl [73]. 

 

In terms of ambient temperature, as Fig. 2-28 shows, high ambient temperature leads to 

higher COP and collector efficiency [73]. With the increase of ambient temperature from 5 oC 

to 35 oC, COP increases from 4.5 to 5.7, and collector efficiency increases from 0.75 to 1.07 

since as ambient temperature increases, a collector can earn more thermal energy from the air 

and thus increase efficiency. 

 

 
 

Fig. 2-28: Effects of ambient temperature ta on COP and collector efficiency 𝜂cl [73]. 

 

The required output temperature has a negative linear influence on COP. As Fig. 2-29 

shows, a study of a DX-SAASHP for HW concluded that the higher the output water 

temperature was, the lower the system COP would be [35, 65, 70, 137]. As the output water 

temperature increases from 25 oC to 60 oC, the COP drops from 3.7 to 2.7 linearly. An 
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experiment of a DX-SAASHP for HW shows that, with a rise of the temperature difference 

between output water and the ambient environment from 5 oC to 40 oC, COP drops from 5 to 

2 (see Fig. 2-30) [138]. This is, as output water temperature increases, compressor discharge 

pressure increases, and therefore energy consumption increases [44]. In turn, as the inlet source 

temperature decreases, compressor suction pressure decreases. The increase in pressure ratio 

brings lower COP. 

 
 

Fig. 2-29: Effect of output water temperature Tw on COP [137]. 

 

 
 

Fig. 2-30: COP as a function of the temperature difference between average water temperature in 

water tank to ambient air, Tw-Ta [138]. 

 

Fig. 2-31 summarises the effect of ambient temperature on COP of the SAASHPs for 

different end use in published papers. The advanced systems refer to the SAASHPs involving 

innovations in the aspects of solar collector, TES and system configuration. In this figure, the 

COP values are taken as the average values and the ambient temperatures are taken as the 
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lowest values of the working conditions. The ambient temperature ranges from -15 oC to 30 oC 

and COP ranges from 2 to 8.5. The majority of the COPs obtained range from 2 to 6. Especially, 

an IX-SAASHP for SH using seasonal latent heat TES earned a COP of ca. 4.2 at -15 oC [109]. 

Similarly, another IX-SAASHP with seasonal TES for SH achieved a higher COP of ca. 8.5 

with a collector area of 40 m2 and a storage volume of 1960 m3 [68]. Interestingly, the COP 

values of two DX-SAASHPs shown in [32] and [139] vary significantly. This concerns many 

reasons. The DX-SAASHP in [32] uses R134a as the working fluid and uses an uncovered 

collector of 12 m2; the DX-SAASHP in [139] uses R22 as the working fluid and uses a covered 

collector of 2 m2. Overall, advanced IX-SAASHP is ideal for SH as well as HW, and DX-

SAASHP is more suitable for HW. For multi-functional SAASHP, advanced IX-SAASHP is 

the best choice. 

 

 
 

Fig. 2-31: COP vs ambient temperature of the SAASHPs for SH and HW. 

 

Fig. 2-32 summarises the number of open literature having different COP where COP 

values take the average of values given in the studies. It can be observed that the COP values 

of most of these SAASHPs are located in the range of 2.0 to 6.0. The dual-source IX-SAASHP 

achieves COP lower than 3.5. The hybrid SAASHP, serial IX-SAASHP, advanced DX-

SAASHP and dual-source DX-SAASHP can achieve COP less than 6.  Both the DX-SAASHP 

and advanced IX-SAASHP can achieve COP higher than 6, promisingly up to 10.5. 

Considering the economic aspect, DX-SAASHP and hybrid SAASHP shares a similar payback 



 69 

period of around 4.5 years, while the payback period of serial IX-SAASHP is around 7 years 

[161]. 

 

 
 

Fig. 2-32: Number of journal papers vs COP. 

 

It can be concluded from the above that solar collectors and thermal energy storage have 

a significant influence on the system performance. The influences are displayed in Fig. 2-33, 

where the solid line represents the SPF and the dashed line represents the yearly electricity 

consumption, that larger collector area and storage volume lead to a higher SPF and lower 

electricity consumption [76, 96, 135, 192]. According to Ito et al.’s [76] and Carbonell et al.’s 

[90] simulations, uncovered collectors are superior to covered collectors with a collector area 

lower than 15 m2. This situation results from that, at a larger collector area, more solar thermal 

energy can be collected, and collector temperature can be higher, leading to a larger possibility 

of heat loss which can be reduced by glass cover; at a smaller collector area, the thermal energy 

obtained from solar energy is not that high where ambient air can work as a heat source without 

cover. 
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                   (a) Covered solar collector                                      (b) Uncovered solar collector 
 

Fig. 2-33: SPF and yearly auxiliary energy as function of ice storage volume and solar collector area 

for building SFH 45 [90]. 

         

For larger collector areas, a covered collector with proper storage volume can help to 

achieve an SPF over 6. Small-scale SAASHPs for the domestic sector require high-efficient 

solar collectors to reduce collector area at the same SF and working conditions. This may be 

achieved by auxiliary components, such as a compound parabolic concentrator [55, 57, 58, 

108]. Xu et al.’s [108] simulation revealed that a collector using a compound parabolic 

concentrator and capillary tube absorber can achieve higher collecting temperature and higher 

collector efficiency than that of a flat plate collector of the same size. According to Ito et al. 

[76], collector plate thickness and tube pitch can affect system SPF according to plate material 

and ambient temperature. Larger plate thickness and lower tube pitch result in higher SPF. 

Simulation of an uncovered collector suggested that the influence of plate thickness is apparent 

at the smaller thickness and tends to be less at the larger thickness. Other parameters such as 

the inclination angle of solar collectors hardly affect SPF and collector efficiency [41, 108]. 

This situation may result from that, at sufficient solar availability, the collector temperature 

arrives the equilibrium status due to thermal energy collection and heat loss. Thus, collector 

efficiency is not that sensitive to inclination angles where the collection performance is more 

influenced by factors such as the specific heat of working fluid and pump speed. 

Current studies on solar collectors mainly adopt the collectors designed for solar domestic 

HW. The specific collectors for SAASHP are needed to be developed, which should match the 

development of TES methods and the requirements of the SAASHP. Currently, for most 

systems using sensible heat TES, a solar collector is expected to achieve a higher outlet 
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temperature to store more thermal energy in the same storage volume. In the future, as PCM is 

adopted to improve TES efficiency and combined with defrosting for the smooth operation of 

systems with the evaporator, e.g., hybrid SAASHP, the required collector outlet temperature 

can be lower, just above the phase change temperature. A novel control strategy proposed by 

Xu et al. can be used to control the fluid flow rate and outlet temperature of solar collectors 

based on working conditions, enabling the optimization of SAASHPs [188]. 

Increasing investigations of SAASHPs are seen in the most recent years. Great efforts 

have been put to develop highly efficient and compact components to match the working 

conditions of SAASHPs and hence to improve the system performance. Particularly, eco-

friendly refrigerants such as R1234yf, R1233zd(E), R433A, R32 and R290 are used to deal 

with global warming. 
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3. Working conditions of the heating system 
 

This chapter introduces the working conditions of the studied heating system in terms of 

the heating demand of space heating and weather conditions. This gives the references for the 

component selections in the later simulations. This project is aimed to analyse the applications 

of SAASHP for space heating and hot water in the UK. To calculate and investigate the 

performance of the SAASHP, the heating demands should be first determined. Three reference 

buildings, SFH 15, SFH 45 and SFH 100 are modelled referring to the models of IEA standards 

as presented in [250]. The weather conditions consider three typical cities in the UK from south 

to north. According to data availability, London (51.5o N), Aughton (53.5o N) and Aberdeen 

(57.5o N) are selected for case studies. 

 

3.1 Building parameters 
 

The reference buildings adopted in this study share the same general building geometry 

fixed by inside measures. The different buildings are then derived by applying the different 

wall thicknesses and windows. The common, independent geometry and the different 

insulation thicknesses are summarized in Tables 3-1 and 3-2. Fig. 3-1 displays the building 

structure and naming convention. Fig. 3-2 shows the view of the envelope parts with naming 

conventions for the areas. The corresponding inside and outside areas of the building envelope 

are listed in Table 3-3. The buildings are simplified as one common thermal zone in the 

TRNBuild model. Internal walls and floors are only depicted for the sake of completeness and 

are only considered as thermal mass in the simulation.  

 

Table 3-1: Building type independent geometry [250] 

Parameter a (m) b (m) f (m) g (m) h (m) m (m) r (m) α β 

Measure 5.46  2.64  7  10 2.6 0.4 1.87  45o 20o 
 

 

Table 3-2: Building type specific geometry [250] 

Parameter c (m) d (m) e (m) j (m) k (m) s (m) 

SFH 15 7.856  10.856 6.505 0.428 0.445 0.255 

SFH 45 7.696 10.696 6.445 0.348 0.385 0.215 

SHF 100 7.536 10.536 6.365 0.268 0.305 0.095 
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Table 3-3: Inside and outside areas of the building envelope [250] 

Building  A=da B=bd C=c(e+r/2) D=de E=dc 

Net (inside) area (m2) all 54.6 26.4 45.7 56 70 

Gross (outside) area (m2) SFH 15 59.7 28.9 55.9 66.8 86.8 

SFH 45 58.8 28.4 54.3 65.1 83.8 

SFH 100 57.5 27.8 52 62.8 79.4 

 

 

Fig. 3-1: View of the E/W section of the building with naming convention (top), cropped 

view of the N/S section (bottom). [250]. 

 

 

Fig. 3-2: View of the envelope parts with naming convention for the areas [250] 
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In the simulation, sky view factors are set at 0.5 for all walls, 0.75 for the south facing 

roof and 0.89 for the north facing roof (in agreement with the physical shape of the object and 

an open horizon). For both sides of the walls, the solar absorption is set at 0.65. The long-wave 

emission of the outside (back) is 0.97 and that of the inside (front) is 0.96. Both the ceiling 

emission and the floor emission are set at 0.65. 

The construction of opaque building elements is listed in Table 3-4. The properties of the 

windows are listed in Table 3-5. Since some window models are not contained in the TRNBuild 

library and cannot be self-established, similar models are selected as alternatives. All the 

windows have inner shadings with a factor of 0.25. The shadings open when the horizontal 

global irradiation reaches 300 W/m2, and close when the global irradiation drops to 200 W/m2. 

The total heat transfer coefficients for the walls are set to be 7.69 W/(m2K) to the inside and 

25 W/(m2K) to the outside (ambient) [250]. 

A minimal, passive, constant air change rate of 0.4 per hour is used for ventilation. Heat 

gains caused by inhabitants are set at 72 kJ/h and 144 kJ/h for convective and radiative gains 

per person with a moisture emission of 0.059 kg/h. The schedules of occupancies and electrical 

equipment are displayed in Figs. 3-3 and 3-4, and listed in Tables 3-6 and 3-7. 

 

 

Fig. 3-3: Occupation profile of a day, fraction of present persons [250] 

 

 

Fig. 3-4: Electrical gain profile for one day [250] 
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Table 3-4: Construction of opaque building elements [250] 

 Layer (from inner 

to outer surfaces) 

Layer thickness (m) Density 

(kg/m3) 

Conductivity  

(W/mK) 

Capacity 

(kJ/kg∙K) 

U-value construction 

(W/m2K) 

Convective heat 

transfer 

coefficient 

(W/m2K) 

SFH 

15 

SFH 

45 

SFH 

100 

SFH 

15 

SFH 

45 

SFH 

100 

inner outer 

External 

wall 

Plaster inside 0.015 0.015 0.015 1200 0.6 1 0.182 0.286 0.667 3.06 17.78 

brick 0.21 0.21 0.21 1380 0.7 1 

EPS 0.2 0.12 0.04 17 0.04 0.7 

Plaster outside 0.003 0.003 0.003 1800 0.7 1 

Ground  Wood 0.015 0.015 0.015 600 0.15 2.5 0.136 0.175 0.281 Floor 0.0000

28 Plaster floor 0.08 0.08 0.08 2000 1.4 1 

Sound insulation 0.04 0.04 0.04 80 0.04 1.5 

Concrete 0.15 0.15 0.15 2000 1.33 1.08 

XPS 0.22 0.16 0.08 38 0.037 1.45 

Roof (s) Gypsum board 0.025 0.025 0.025 900 0.211 1 0.161 0.196 0.565 Ceiling 17.78 

Plywood  0.015 0.015 0.015 300 0.081 2.5 

Rockwool  0.2 0.16 0.04 60 0.036 1.03 

Plywood  0.015 0.015 0.015 300 0.081 2.5 

 

 

Table 3-5: Window arrangements 

 Window 

area (m2) 

Glass area 

(m2) 

Frame / 

window 

g-value U-glass (W/m2K) u-frame (W/m2K) 

SFH 15 SFH 45 SFH 100 SFH 15 SFH 45 SFH 100 SFH 15 SFH 45 SFH 100 

North 3 2.6 0.15 0.408 0.632 0.755 0.4 1.1 2.8 1.6 1.8 2.3 

South 12 10.2 

East 4 3.4 

West 4 3.4 
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Table 3-6: Occupation profile 

Time 0-6 6-7 7-8 8-9 9-11 11-12 12-13 13-14 14-15 15-17 17-18 18-20 20-21 21-22 22-24 

Person 4 2 3 2 0 1 3 2 1 0 1 2 4 3 4 

 

Table 3-7: Electrical gain profile 

Time 0-1 1-6 6-7 7-8 8-9 9-11 11-12 12-13 13-17 17-19 19-20 20-22 22-23 23-24 

Gain (W) 105 55 392.5 457.5 420 55 250 55 120 170 615 420 442.5 355 

 

Table 3-8: Weather conditions in London, Aughton and Aberdeen 

 London Aughton Aberdeen 

Min Max Average Min Max Average Min Max Average 

Ambient temperature, oC -3 18.3 6.61 -3.95 16 7.42 -6.7 16.8 5.64 

Solar radiation intensity 

on the titled surface, 

W/m2 

0.96 1115.73 199.3 0.94 1101.98 229.2 0.93 1113.9 233.8 

Wind speed, m/s 0.1 14.1 4.23 0.15 23.51 5.82 3.35 16.1 4.99 

 

  



 77 

The radiant floor is used for all three types of buildings. The radiant floor is modelled as 

an active layer with a thickness of 0.08 m at 0.04 m depth in the floor, as shown in Fig. 3-5. 

Water is used as the working fluid inside the radiant floor. The distance between the neighbour 

pipes is 0.1 m. The pipes have an outside diameter of 0.016 m and a wall thickness of 0.002 m. 

The conductivity of the pipes is set at 5.04 kJ/h-mK.  

 

 

Fig. 3-5: Schematic of the radiant floor (active layer) 

 

3.2 Weather conditions 
 

Weather conditions in London, Aughton and Aberdeen during the heating season are 

summarised in Table 3-8. Fig. 3-6 introduces the annual ambient temperatures of three selected 

locations over a typical metrological year. It can be seen that the ambient temperature in 

Aberdeen is generally lower than those in London and Aughton. In winter, the temperature in 

London is almost the same, sometimes lower than, that in Aughton; in summer, the temperature 

in London is higher than that in Aughton. 

 

 

Fig. 3-6: Annual ambient temperature 
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The ground temperature for a given point is calculated according to the mean surface 

temperature (equal to the yearly average air temperature), the amplitude of surface temperature 

(the maximum air temperature of the year minus mean surface temperature), and the time shift 

(the day the minimum air temperature occurs at). Table 3-9 lists the parameters used to 

determine the hourly ground temperature at the three selected locations. 

 

Table 3-9: Ground Temperature 

Location London Aughton Aberdeen 

Mean surface Temperature (oC) 10.78 10.04 7.84 

The amplitude of surface temperature 

(oC) 

18.04 14.61 16.17 

Time shift 12 359 359 

 

Fig. 3-7 shows the variations of ground temperature against depth under weather 

conditions in London. For three reference buildings, the depths take the thicknesses of the 

ground. 

 

 

Fig. 3-7: Ground temperature at different depth under weather conditions in London 

The key parameters to describe the weather conditions in three selected cities during the 

heating season are listed in Table 3-10. The average daily tilted surface radiation in December, 

kJ/ (dm2), is an important parameter to evaluate solar availability. It can be seen that Aughton 

has the largest solar irradiance in December though it has medium latitude. As Fig. 3-8 shows, 

in 2019, e.g. Aughton has the largest average sunshine duration in December while the average 

sunshine duration in London is influenced by the Thames River [251]. 
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Table 3-10: Weather conditions in London, Aughton and Aberdeen during the heating season 

 

 London Aughton Aberdeen 

Latitude 51.5o N 53.5o N 57.5o N 

Average sky cover rate (Daytime) 81.32% 77.32% 75.83% 

Ambient 

temperature 

(oC) 

Min -3 -3.95 -6.7 

Max 18.3 16 16.8 

Average 6.61 7.42 5.64 

Solar 

radiation 

intensity 

(W/m2) 

Min (Daytime) 0.96 0.94 0.93 

Max 1115.73 1101.98 1113.9 

Average (Daytime) 199.3 229.2 233.8 

Wind speed 

(m/s) 

Min 0.1 0.15 0.1 

Max 14.1 23.51 16.1 

Average 4.23 5.82 4.99 

Titled surface radiations in 

December, kJ/ (dm2) 

2876.88 3837.38 2667.05 

 

 

Fig. 3-8: UK maps of sunshine duration in December 2019 [251] 

3.3 Building Model 
 

Fig. 3-9 shows the building model in TRNSYS. Two calculators to define the orientation 

of the building and the radiation in each area. The building parameters introduced above are 

set in the building module by TRNBuild. The weather data module reads the weather data of 

the selected locations. A ground temperature module, Type 501, is used to simulate the ground 

temperature. A calendar, Type 14h, is used to control the heating periods. A calculator is added 
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to convert the unit of the transient heating load from kJ/h to kW. A quantity integrator, Type 

24, is used to calculate the yearly heating demand. Printers and online plotters are used to put 

out the data and figures. 

 

 

Fig. 3-9: Building model in TRNSYS 

The heating temperature in the heating periods is set at 20 oC. To calculate the heating 

load, room temperatures at 0 hour are also set at 20 oC. The heating periods are set to be when 

ambient air temperatures are below 12 oC, 14 oC and 15 oC for the SFH 15, SFH 45, and SFH 

100, respectively, as listed in Table 3-11. Since the house is almost occupied all day, space 

heating is designed for the whole day during the heating periods. For convenience, the heating 

season is set to be 1st October to 30th April in the further comparisons. The rest period in the 

year is the non-heating season. 

 

Table 3-11: Heating periods for reference building in selected locations 

 London Aughton Aberdeen 

SFH 

15 

SFH 

45 

SFH 

100 

SFH 

15 

SFH 

45 

SFH 

100 

SFH 

15 

SFH 

45 

SFH 

100 

Heating 

periods 

(hour) 

0-

2736, 

7224-

8760 

0-

2736, 

7224-

8760 

0-

3192, 

6600-

8760 

0-

2808, 

7152-

8760 

0-

2808, 

7104-

8760 

0-

3168, 

6576-

8760 

0-

3048, 

7056-

8760 

0-

3072, 

7056-

8760 

0-

3768, 

6072-

8760 
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3.4 Calculated results 
 

The total heating loads (kWh) and heating loads (kW) for the SFH 15 (black), SFH 45 

(red) and SFH 100 (blue) in the three selected locations are simulated over a year (8760 hours) 

as shown in Figs. 3-10 3-11 and 3-12.  

 

 

Fig. 3-10: Heating loads in London 

 

 

Fig. 3-11: Heating loads in Aughton 
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Fig. 3-12: Heating loads in Aberdeen 

It can be seen that for the reference buildings in the selected locations, at the beginning of 

the heating periods, a ‘pin’ load occurs, greatly higher than normal heating loads on those days. 

The key parameters for the heating loads and demands are summarised in Table 3-12. The peak 

load and the average load are calculated ignoring the sudden ‘pin’ load at the beginning of the 

heating periods. 
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Table 3-12: Summary for heating loads and demands 

 London Aughton Aberdeen 

SFH 15 SFH 45 SFH 100 SFH 15 SFH 45 SFH 100 SFH 15 SFH 45 SFH 100 

Peak load (kW) 2.84 3.53 5.99 2.94 3.63 6.15 3.36 4.15 6.93 

Average load (kW) 1.39 1.76 3.05 1.38 1.73 3.05 1.62 2.03 3.34 

Total demands (MWh) 5.75 7.05 15.79 5.93 7.26 15.96 7.60 9.32 20.73 

 

 



 84 

4. Comparative analysis for three types of Indirect 

expansion solar assisted air source heat pumps 
 

This chapter investigates serial, parallel and dual-source indirect expansion solar assisted 

air source heat pumps using TRNSYS to investigate the operation performance over a typical 

year. The operation modes are specifically designed for the weather conditions in London. 

These three heat pumps are applied to provide space heating and hot water of 300 L per day 

for a typical single-family house. The simulation results show the operation performance of the 

three systems is more efficient than previous studies in the literature that they achieve yearly 

seasonal performance factors higher than 4.4. Considering both operation performance and 

economic efficiency, this study displays the possibility to use parallel and dual-source 

SAASHP in regions with relatively lower solar irradiance and replace the gas-boiler heating 

system. 

4.1 Description of the heating systems 

In this work, serial, parallel and dual-source IX-SAASHPs are modelled and simulated 

using TRNSYS 17. The operation modes of the systems are specifically designed for UK 

weather conditions. Water is used as the medium to transport heat and to store thermal energy. 

Refrigerants R134a and R410A are used as the working fluids of SWHP and ASHP, 

respectively. In each HP system, two water tanks are employed for TES. One tank stores 

thermal energy collected by the solar collector and the other serves as TES for the end use i.e. 

providing HW and/or SH. Details about the systems are described below. 

 

4.1.1 Serial system 

Fig. 4-1(a) shows a serial IX-SAASHP system, which consists of a solar collection loop 

(in black), an SWHP unit (in green), an HW loop (in blue) and an SH loop (in red). The solar 

collector converts solar energy into thermal energy and the heat is transferred to water being 

circulated by pump 1 (3). The thermal energy is normally stored in the TES tank 1 (valve 2 

open) but the hot water can also be circulated to either SWHP (valves 2 and 14 closed, valve 6 

open) or to the TES tank 2 (valves 2 and 6 closed, valve 14 open). The SWHP consists of a 

water-to-refrigerant evaporator (8), a compressor (9), a condenser (10), and an expansion valve 

(11). When the SWHP is in operation, TES tank 1 (4) serves as the low-temperature heat source 

and TES tank 2 (15) serves as the high-temperature heat source. When the system provides hot 
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water, the mains cold water flows into the TES tank 2. When the system is in operation for 

heating, pump 4 (16) circulates the hot water in TES tank 2 through the radiant floor (17).   

Fig. 4-1(b) shows the flow chart for control of the serial system operation. The room air 

temperature (Troom), ambient air temperature (Tamb), local solar irradiance (I) as well as water 

temperatures at several locations such as the temperatures at the inlet and outlet of the solar 

collector (T1, T2), the temperature at the outlet of TES tank 1 to load (T3), hot water storage 

(HWS) temperature (THWS) are measured/monitored for control of the serial system operation. 

The water temperature at the outlet of the evaporator (T4), the water temperatures at the inlet 

and outlet of the condenser (T5 and T6) and the temperature of the mains cold water supply (T7) 

are measured/monitored for analysis of energy conservation of the heating system. Table 4-1 

gives the rule-based look-up table for control of the serial system operation. 

 

 

a) Schematic of the serial system 

 

1: Solar collector        2, 6, 7, 13, 14: Valves        3: Pump 1        4: TES tank 1        5: Pump 2                     

8: Water-to-refrigerant evaporator                     9: Compressor                              10: Condenser 

11: Expansion valve   12: Pump 3                        15: TES tank 2   16: Pump 4         17: Radiant floor        
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b) Flow chart for system operation control 

 

Fig. 4-1: System and operation control of the serial IX-SAASHP 
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Table 4-1: The rule-based look-up table for control of the serial system operation 

    Note: Collector: Solar collector. TES 1: Water TES tank1. TES 2: Water TES tank 2.  

              O: Pumps and SWHP are in operation; Valves are open.   X: Pumps and SWHP are not in operation; Valves are closed. 

 

Operation mode Temperature range (oC) Pumps Valves SWHP 

  3 5 12 16 2 6 7 13 14 

Collector–TES 1  T2 > T3,  THWS > 50 O X X X O X X X X X 

Collector–TES 1–TES 2 T2 > T3 > 50 > THWS  O O X X O O O X O X 

Collector-TES 1–SWHP-TES 2 T2 > T3, -5 < T3 < 50,  THWS < 50 O O O X O X O O X O 

Collector–SWHP-TES 2 T2 < T3, 50 > T2 > -5,  THWS < 50 O X O X X O X O X O 

Collector-TES 2 THWS < 50 < T2 < T3  O X X X X X X X O X 

TES 1–TES 2 T3 > 50 > THWS X O X X X O O X O X 

TES 1–SWHP-TES 2 -5 < T3 < 50,  THWS < 50 X O O X X X O O X O 

SH: TES 2 Troom < 18 X X X O X X X X X X 

SH: Collector–TES 1 T2 > T3,  THWS > 50,  Troom < 18 O X X O O X X X X X 

SH: Collector–TES 1–TES 2 T2 > T3,  THWS < 50,  Troom < 18 O O X O O O O X O X 

SH: Collector–TES 1–SWHP–TES 2 T2 > T3, -5 < T3 < 50,  THWS < 50,  Troom < 18 O O O O O X O O X O 

SH: Collector–SWHP–TES 2 T2 < T3, 50 > T2 > -5,  THWS < 50,  Troom < 18 O X O O X O X O X O 

SH: Collector-TES 2  THWS < 50 < T2 < T3,  Troom < 18 O X X O X X X X O X 

SH: TES 1-TES 2 T3 > 50 > THWS,  Troom < 18 X O X O X O O X O X 

SH: TES 1–SWHP -TES 2 -5 < T3 < 50,  THWS < 50,  Troom < 18 X O O O X X O O X O 
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4.1.2 Parallel system 

Fig. 4-2 shows a parallel IX-SAASHP, which consists of a solar collection loop (in black), 

an ASHP unit (in green), an HW loop (in blue) and an SH loop (in red). The thermal energy is 

stored in TES tank 1 (valve 2 open) and circulated to TES tank 2 by pump 2 (valve 12 open). 

The ASHP consists of an air-to-refrigerant evaporator (6), an expansion valve (7), a compressor 

(8) and a condenser (9). When the ASHP is in operation, the ambient air serves as the low-

temperature heat source.  

Fig. 4-2(b) shows the flow chart for control of the parallel system operation. Compared 

with the serial system, the same temperatures are measured/monitored for control of the parallel 

system operation. The air temperature at the outlet of the evaporator (T4), the water 

temperatures at the inlet and outlet of the condenser (T5 and T6) and the temperature of the 

mains cold water supply (T7) are measured/monitored for analysis of energy conservation of 

the heating system. Table 4-2 gives the rule-based look-up table for control of the parallel 

system operation. 

 

 

 

 

 

 

a) Schematic of parallel system 

 

1: Solar collector        2, 10, 12: Valves        3: Pump 1         4: TES tank 1         5: Pump 2                     

6: Air-to-refrigerant evaporator                   7: Expansion valve                          8: Compressor 

9: Condenser             11: Pump 3                 13: TES tank 2   14: Radiant floor  15: Pump 4 
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b) Flow chart for system operation control 

 

Fig. 4-2: System and operation control of the parallel IX-SAASHP 
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Table 4-2: The rule-based look-up table for control of the parallel system operation 

 

 

 

 

 

 

 

 

                Note: Collector: Solar collector. TES 1: Water TES tank1. TES 2: Water TES tank 2.  

                          O: Pumps and ASHP are in operation; Valves are open.   X: Pumps and ASHP are not in operation; Valves are closed. 

 

Operation mode Temperature range (oC) Pumps Valves ASHP 

  3 5 11 15 2 10 12 

Collector-TES 1 T2 > T3, THWS > 50 O X X X O X X X 

Collector–TES 1-TES 2 T2 > T3 > 50 > THWS O O X X X X O X 

ASHP-TES 2 T3 < 50,  THWS < 50 X X O X X O X O 

TES 1–TES 2 T3 > 50 > THWS X O X X X X O X 

SH: TES 2 Troom < 18 X X X O X X X X 

SH: Collector-TES 1 T2 > T3, THWS > 50,  Troom < 18 O X X O O X X X 

SH: Collector–TES 1–TES 2 T2 > T3 > 50 > THWS,  Troom < 18 O O X O X X O X 

SH: ASHP–TES 2 T3 < 50,  THWS < 50,  Troom < 18 X X O O X O X O 

SH: TES1–TES 2 T3 > 50 > THWS,  Troom < 18 X O X O X X O X 
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4.1.3 Dual-source system 

Fig. 4-3 shows a dual-source IX-SAASHP, which consists of a solar collection loop (in 

black), an SW-ASHP unit (in green), an HW loop (in blue) and an SH loop (in red). The SW-

ASHP consists of a water-to-refrigerant evaporator (7), an air-to-refrigerant evaporator (8), a 

condenser (11), a compressor (12), and an expansion valve (13). When the SWHP is in 

operation, the TES tank 1 (4) serves as the low-temperature heat source. When the ASHP is in 

operation, the ambient air serves as the low-temperature heat source.  

Fig. 4-3(b) shows the flow chart for control of the dual-source system operation. 

Compared with the serial and parallel systems, the same temperatures are measured/monitored 

for control of the dual-source system operation. The water and air temperatures at the outlet of 

the evaporator (T4 and T5), the water temperatures at the inlet and outlet of the condenser (T6 

and T7) and the temperature of the mains cold water supply (T8) are measured/monitored for 

analysis of energy conservation of the heating system. Table 5 gives the rule-based look-up 

table for control of the dual-source system operation. 

 

 

a) Schematic of dual-source system 

 

1: Solar collector        2, 6, 9, 10, 14, 16: Valves        3: Pump 1       4: TES tank 1        5: Pump 2 

7: Water-to-refrigerant evaporator                            8: Air-to-refrigerant evaporator 

11: Condenser            12: Compressor                        13: Expansion valve                     15: Pump 3                   

17: TES tank 2             18: Radiant floor                      19: Pump 4 
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b) Flow chart for system operation control 

 

Fig. 4-3: System and operation control of the dual-source IX-SAASHP 
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Table 4-3: The rule-based look-up table for control of the dual-source system operation 

 Note: Collector: Solar collector. TES 1: Water TES tank1. TES 2: Water TES tank 2.  

           O: Pumps, SWHP and ASHP are in operation; Valves are open.   X: Pumps, SWHP and ASHP are not in operation; Valves are closed. 

Operation mode Temperature range (oC) Pumps Valves ASHP SWHP 

  3 5 15 19 2 6 9 10 14 16 

Collector-TES 1 T2 > T3,  THWS > 50 O X X X O X X X X X X X 

Collector-TES 1-TES 2 T2 > T3 > 50 > THWS O O X X O X X X X O X X 

Collector-TES 1–SWHP-TES 2 T2 > T3, Tamb < T3 < 50,  THWS < 50 O O O X O O O X O X X O 

ASHP-TES 2 Tamb > T3,  THWS < 50 X X O X X X X O O X O X 

TES 1-TES 2 T3 > 50 > THWS X O X X X X X X X O X X 

TES 1–SWHP-TES 2 Tamb < T3 < 50,  THWS < 50 X O O X X O O X O X X O 

SH: TES 2 Troom < 18 X X X O X X X X X X X X 

SH: Collector-TES 1 T2 > T3,  THWS > 50,  Troom < 18 O X X O O X X X X X X X 

SH: Collector-TES 1–TES 2 T2 > T3 > 50 > THWS,  Troom < 18 O O X O O X X X X O X X 

SH: Collector-TES 1-SWHP–TES 

2 

T2 > T3, Tamb < T3 < 50,  THWS < 50,  

Troom < 18 
O O O O O O O X O X X O 

SH: ASHP–TES 2 Tamb > T3, THWS < 50, Troom < 18 X X O O X X X O O X O X 

SH: TES 1-TES 2 T3 > 50 > THWS,  Troom < 18 X O X O X X X X X O X X 

SH: TES 1–SWHP–TES 2 Tamb < T3 < 50,  THWS < 50,  Troom < 18 X O O O X O O X O X X O 
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4.2 Modelling and simulation methods 

TRNSYS 17 is used for the simulations. The working conditions of the systems, selection 

of TRNSYS modules and simulation schemes are described below. 

4.2.1 Working conditions 

The systems are designed to provide SH and HW for the building over a year. The Troom 

for thermal comfort is set to be 18 oC – 22 oC in the heating season. In the HP heating mode, 

the water temperature in the TES tank 2 is controlled to be not lower than 50 oC [252]. Four 

fifteen-minute water draws per day at a rate of 300 kg/h are used to represent typical low flow 

showers at 6 a.m., 8 a.m., 8 p.m., and 10 p.m. every day. To avoid scalding, the hot water 

supply temperature is set at 40 oC [253], which is supplied by mixing the stored hot water and 

mains water at the outlet of the hot water tank. For safe operation of the system, in the SHW 

operation mode, the maximum HWS temperature is controlled to be 80 oC. 

4.2.2 Selection of TRNSYS modules  

Since flat plate solar collectors occupy about half of the current market share [26], the flat 

plate solar collector is selected as the solar collector. Solar collector module of Type 1b in 

TRNSYS is chosen to model this type of solar collector. To investigate the performances of 

the configurations of the three systems, the auxiliary heater is not used, and the demanded 

thermal energy is fully provided by the HPs and SHW. If the heat provided by the heating 

system is insufficient, the HWS temperature will be lower than the temperature set, and the 

room air temperature will fall below the temperature set for thermal comfort. 

The sizing of the system is based on the demands of SH and HW. To meet the demands, 

different systems have different sizes of components. Since the serial system uses thermal 

energy collected by a solar collector as the sole heat source, the required solar collector area is 

large to be 45 m2 and the required size of the water TES tank is large to 3 m3. Since the parallel 

and dual-source systems have ASHP for compensation at low solar energy availability, the 

required sizes of solar collector and water TES tank are much smaller, 18 m2 and 500 L, 

respectively, to ensure SHW temperature to be higher than 40 oC in non-heating seasons. When 

the SHW temperature is below 50 oC in non-heating seasons, the HP operates to ensure the 

HWS temperature in the safe range to inhibit bacteria. 

The rated flow rates (m) of the pumps are determined by Eq. (4-1) and the rated power (P) 

is calculated by Eq. (4-2): 

m=Q/(c·ΔT)                    (4-1) 

P=m·H/(360η)                    (4-2) 
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where Q is the peak load, c is the specific heat of working fluid, ΔT is the designed temperature 

difference, H is the head of the pump and η is the efficiency of the pump. 

All the HPs are set at a heating capacity of 8 kW. In the models of serial and dual-source 

IX-SAASHPs, the SWHP module (Type 668) is modified based on a sample file of 30HXC-

HP2 from Carrier United Technologies. In the models of the parallel and dual-source IX-

SAASHPs, the ASHP module (Type 941) is modified based on the sample file of YVAS012, 

York, Jonson Control. Note that the ASHP module (Type 941) available in TRNSYS does not 

consider the frosting and defrosting and their effects on the ASHP performance. It is anticipated 

that the results provide a deep understanding of the application potential of SAASHPs in high 

latitude regions. In the model of dual-source IX-SAASHP, the dual-source HP is simulated by 

combining an SWHP (Type 668) and an ASHP (Type 941). TRNSYS modules selected for 

modelling the components of the three systems and relevant parameters are listed in Table 4-

4. Fig. 4-4 shows the TRNSYS models and control functions for serial, parallel and dual-source 

IX-SAASHPs [254]. The solid lines stand for the pipe connections, and the dot lines stand for 

the control connections. The parameters that define the models of the components are obtained 

from the experimental data of the component products available in the market. 
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Table 4-4: TRNSYS modules selected for modelling the components of the three systems and relevant parameters 

 

Component Module System Parameter Value 

Solar collector Type 1b 

Serial system Area 45 m2 

Parallel and dual-source systems Area 18 m2 

All systems 

Inclination angle 51.5o 

Tested flow rate 30 kg/hm2 

Intercept efficiency 0.8 

Efficiency slope 13 kJ/hm2k 

Efficiency curvature 0 kJ/hm2k2 

1st order IAM 0.2 

2nd order IAM 0 

TES tank 1 Type 4a 

All systems Heat loss coefficient 0.2 W/(m2 K) 

Serial system 
Volume 3000 L 

Height 2.15 m 

Parallel and dual-source systems 
Volume  500 L 

Height 1.175 m 

TES tank 2 Type 4a All systems 

Heat loss coefficient 0.2 W/(m2 K) 

Volume 300 L 

height 1 m 

ASHP Type 941 Parallel and dual-source systems 

Blower power 0.15 kW 

Total air flow rate 1500 l/s 

User defined file YVAS012, York, Jonson Control 

SWHP Type 668 Serial and dual-source systems User defined file 30HXC-HP2, Carrier United Technologies 

Pump 1 Type 110 All systems 
Rated flow rate 500 kg/h 

Rated power 30 W 

Pump 2 Type 110 All systems 
Rated flow rate 800 kg/h 

Rated power 50 W 

Pump 4 Type 110 All systems 
Rated flow rate 800 kg/h 

Rated power 50 W 

Pump in SWHP 

loop 
Type 110 Serial and dual-source systems 

Rated flow rate 870 kg/h 

Rated power 50 W 

Pump in ASHP 

loop 
Type 110 Parallel and dual-source systems 

Rated flow rate 870 kg/h 

Rated power 50 W 
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a) Serial IX-SAASHP 



 98 

 

b) Parallel IX-SAASHP 
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c) Dual-source IX-SAASHP 

 

Fig. 4-4: TRNSYS models and control functions for serial, parallel and dual-source IX-SAASHPs. 

(Solid lines: pink - solar collector-TES tank 1 loop; dark red - bypass; green - TES tank 1-SWHP loop; purple - SWHP loop; light blue - ASHP loop; black - 

user side loop; brown - TES tank 2-radiant floor loop; red - SH loop; dark blue - HW loop).  (Dot lines: orange - monitored parameters; dark green - weather 

parameters). 
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4.2.3 Simulation scheme 

The operation period is set at one year with a time step of 1 minute considering time 

efficiency and accuracy. The systems start to operate from the middle of the year (4380 h) with 

an initial water temperature of 13.4 oC in the TES tanks, which is the water temperature of the 

mains water supply.  

4.3 Evaluation of performance 

The three IX-SAASHPs have different system configurations. They all include a vapour-

compression cycle HP. Their performance can be evaluated by the performance indicators. 

4.3.1 Thermodynamics cycle of the heat pumps 

Fig. 4-5 shows the ideal vapour-compression cycles of the ASHP (1-2-3-4-1) and SWHP 

(5-6-7-4-5) on the P-h diagram. The degree of superheat of the refrigerant vapour entering the 

compressor is taken to be the same for both HPs. The flow resistance on the refrigerant side in 

both the evaporator and condenser is neglected. Compared with the ASHP, the SWHP has a 

higher evaporating temperature. According to Fig. 4-5, SWHP can have more thermal energy 

absorbed in the expansion process and require less work done by the compressor at the same 

condensing temperature. 

 

 

Fig. 4-5: P-h diagram of ideal vapour-compression cycle HPs 

 

4.3.2 System performance indicators 

The performance of the heating systems is evaluated by a variety of indicators including 

the room air temperature, HWS temperature, SPF of the system (SPFsys), SPF of the HP 

(SPFHP), COP of the HP module, and the solar fraction (SF). The room air temperature is an 

indication of whether the heat provision by the heating system meets the heat demand of the 

building. The measured room air temperature is also the quantity that determines the on/off 

operation of the heating system. The HWS temperature indicates the amount of thermal energy 

stored in the TES tanks and also determines the on/off operation of the SWHP. The SPFsys 
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describes the overall performance of the whole heating system over the heating season of the 

year and is defined by Eq. (4-3): 

SPFsys=
∫(𝑄SH+𝑄HW)d𝑡

∫ 𝑊totd𝑡
                                                                                                    (4-3) 

where QSH and QHW are the thermal energies supplied by the system for SH and HW, 

respectively, and Wtot is the total electricity consumed by the HP and all water pumps given by 

Eq. (4-4): 

Wtot=WHP+Wpumps                                                                                                                 (4-4) 

where WHP is the electricity consumed by the HP calculated by Eq. (4-5): 

WHP=jASHPWASHP+jSWHPWSWHP                                                                                             (4-5) 

where WASHP and WSWHP are the electricity consumed by the ASHP and SWHP, respectively,  

jASHP and jSWHP have values of either 1 or 0  representing the on or off operation status of ASHP 

and SWHP. For serial system, jASHP = 0 and jSWHP = 1. For parallel system, jASHP = 1 and jSWHP 

= 0. For dual-source systems, jASHP and jSWHP can be 1 or 0, depending on their on/off operation 

status.  

The SPFHP describes the overall performance of an HP over the heating season and is 

defined by Eq. (4-6): 

SPFHP=
∫ 𝑄HP,cond𝑡

∫ 𝑊HPd𝑡
                                                                                                         (4-6) 

where QHP,con is the heat transferred from the condenser of the HP to water circulating to TES 

tank 2, given by Eq. (4-7): 

QHP, con=jASHPQASHP, con+jSWHPQSWHP, con                                                                               (4-7) 

where QASHP, con and QSWHP, con are the heat transferred from the condenser of ASHP and SWHP 

to water circulating to TES tank 2, respectively. 

The COP of the HP is defined by Eq. (4-8): 

COP=QHP, con /WHP                                                                                                          (4-8) 

The SF of the heating system, the contribution ratio of the solar thermal energy collected 

to the system heat provision over the heating season, is defined by Eq. (4-9):  

SF= 1- 
∫(𝑄ASHP,con+𝑊SWHP)d𝑡

∫(𝑄HW+𝑄SH)d𝑡
                                                                                                                              (4-9) 

4.4 Results and discussions 

Based on the three IX-SAASHPs, the models in TRNSYS are established. Simulations 

are performed and the system performances are then obtained. 
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4.4.1 Seasonally heating performance 

Fig. 4-6 shows the variations of the room air temperature (Troom, the black line) and the 

HWS temperature (THWS, the red line) over the heating season for serial, parallel and dual-

source IX-SAASHPs. It is seen that the HWS temperature may suddenly drop to below 50 oC 

because after water draws, feedwater enters the hot water tank. However, the IX-SAASHPs 

respond quickly to lift the HWS temperature to above 50 oC. From Fig.7(a), it is seen that, the 

serial IX-SAASHP cannot meet the heat demand in winter; in some cases the room air 

temperature is below 18 oC. The lowest room air temperature is 13.4 oC and the lowest HWS 

temperature of 11.3 oC. The lowest water temperature at the outlet of the evaporator is -7.1 oC. 

This is still within the safe operation range of the system according to the operation introduction 

of the 30HXC-HP2 of Carrier United Technologies.  

 

 

Fig. 4-6: Variations of room air temperature and HW temperature at the outlet of TES tank 2 for 

three systems over a heating season 

 

During the simulation of serial IX-SAASHP, to improve the heating capacity in winter, 

larger collector areas, collectors with better efficiencies and larger storage tanks have been tried. 
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It was found that heating capacity is mainly limited by solar irradiation intensity, rather than 

component parameters. Improving collector area and efficiency can hardly enhance system 

performance. For example, when a solar collector of 48 m2 is used, the lowest room temperature 

and HWS temperatures are almost the same, 13.5 oC and 11.5 oC, respectively. When a solar 

collector with an intercept efficiency of 0.85 is used, the lowest room temperature and HWS 

temperatures are almost the same, 13.7 oC and 11.5 oC, respectively. The use of a larger TES 

tank 1 increases the capacity of TES, but may reduce its water temperature i.e. the heat source 

temperature for SWHP, resulting in lower heat provision of the system. When a TES tank 1 of 

3.5 m3 is used, the lowest HWS temperature is almost the same at 11.4 oC, but the lowest HWS 

temperature occurs 4 times in winter. In addition, the lowest room air temperature drops even 

to 11.8 oC. 

As shown in Fig. 4-6 (b) and (c), the use of ASHP makes the system meet the heat 

demands well. The lowest water temperature at the outlet of the SWHP evaporator is about -5 

oC and the air temperatures at the outlet of the ASHP evaporator are also about -5 oC. This 

ensures the safe operation of SWHP and ASHP over the heating season. 

4.4.2 Daily heat provision 

Fig. 4-7 shows the variations of daily heat provision (kWh)  for SH and HW for three 

systems over a heating season. The blue column represents the daily heat provision for SH and 

the pink column represents that for HW. The columns are stacked to represent the total heat 

provision. It can be seen that the heat provision for space heating is mainly required from 

December to February. The parallel and the dual-source IX-SAASHPs have almost the same 

daily heat provision, higher than that of the serial IX-SAASHP. The largest daily heat 

provisions from parallel and dual-source systems are around 100 kWh. On the same day, the 

serial system only provides thermal energy of 3.2 kWh. Especially, in December, the daily heat 

provision of the serial system is obviously lower than those of the other systems. 
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Fig. 4-7: Variations of daily heat provision for SH and HW for three systems over a heating season 

 

Fig. 4-8 shows the variations of daily heat provision (kWh) supplied by direct SHW 

(green), ASHP (red) and SWHP (orange) for three systems over a heating season. The columns 

are stacked to represent the total daily heat provision. The black line refers to the daily HW 

provision as a reference. The thermal energy loss and storage from the hot water tank are 

included as a part of the daily heat provision. For the serial system, the use of solar energy as 

the sole heat source providing heat either directly or by the SWHP may result in zero heat 

provision e.g. on the 14th (379th) day. For the dual-source system, a large proportion of heat is 

provided by the ASHP. This suggests the importance of employing ASHP in a heating system 

for stable operation while the SWHP benefits to improve system performance. 
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Fig. 4-8: Variations of daily heat provision supplied by direct SHW, ASHP and SWHP for three 

systems over a heating season 

 

Fig. 4-9 displays the variations of daily electricity consumed (kWh) by the systems over 

a heating season. The red column is the electricity consumed by the ASHP, the orange column 

is that by the SWHP and the purple column is that by the pumps. The columns are stacked to 

represent the total electricity consumed by the system. In all systems, pumps are mainly used 

to support HPs. The electricity consumed by the pumps in SHW periods is low, only around 

0.1 - 0.4 kWh per day. Since parallel and dual-source systems have smaller solar collectors and 

storage tanks, their solar utilisation is lower than that of serial systems. Their electricity 

consumption is thereby higher. The largest electricity consumption is around 32 kWh on the 

14th day. However, considering the large scale of the serial system, its electricity consumption 

is still relatively high. The largest electricity consumption is around 25 kWh a day because 

serial IX-SAASHP requires more pumps during operation. This indicates that it is not feasible 

to use solar thermal energy as the dominant heat source in London.  
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Fig. 4-9: Variations of daily electricity consumed by the systems over a heating season 

 

Fig. 4-10 shows variations of daily solar thermal energy (kWh) used for SH and HW over 

a heating season. The green column is the solar thermal energy to SHW, and the orange column 

is that to SWHP. The columns are stacked to represent the total solar thermal energy collected 

in the system. The black line refers to the average daily HW provision for reference. On most 

days using SWHP, solar thermal energy mainly works as the heat source to the SWHP and that 

left for direct SHW is limited. Especially, for the serial system, solar thermal energy is purely 

used for SWHP in winter. 
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Fig. 4-10: Variations of daily solar thermal energy used for SH and HW over a heating season 

 

Fig. 4-11 shows the variations of daily thermal energy storage (QTES) in serial (blue), 

parallel (black) and dual-source (red) IX-SAASHPs over a heating season. Positive value refers 

to the thermal energy charged and negative value refers to the thermal energy discharged. 

Comparison between Figs. 11 and 12 indicates that using SWHP increases the utilisation of 

solar thermal energy and seasonal storage. For example, at the beginning of the heating period, 

in the serial system, the storage tank discharges around 100 kWh of thermal energy stored in 

non-heating seasons. On the one hand, employing seasonal thermal storage can balance the 

seasonal difference between solar irradiance and heat demand, improving the system 

performance. On the other hand, large requirements on seasonal thermal storage imply 

insufficient solar availability in winter, impacting the stability of system operation.  
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Fig. 4-11: Variations of daily thermal energy storage (QTES) over a heating season. Positive value 

refers to the thermal energy charged and negative value refers to the thermal energy discharged. 

 

4.4.3 Efficiencies of the heat pump module(s) 

Fig. 4-12 shows the variations of daily averaged COP of the HPs in three systems over a 

heating season. The daily average COPs of the SWHP in the serial system and the ASHP in 

the parallel system are in black and red, and those of the ASHP and SWHP of the dual-source 

IX-SAASHP are in blue and green. It can be seen that, in the serial IX-SAASHP, the COP of 

the SWHP module ranges from 3 to 7. Wherein, the COP ranges from 3 to 5 on most occasions. 

In the parallel system, the COP of the ASHP module ranges from 2.5 to 4.5. Even though the 

serial IX-SAASHP has a higher COP of the HP module, according to the previous analysis, it 

has low heat provision due to the limits of weather conditions. In the dual-source IX-SAASHP, 

the COP of the SWHP and ASHP modules are the same as those in serial and parallel systems, 

ranging from 2.5 to 4.5 and from 3 to 7, respectively.  
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Fig. 4-12: Variations of daily averaged COP of the HPs in three systems over a heating season. 

 

Fig. 4-13 shows the SPFsys of the system (blue symbols) and SPFHP of the HPs (black 

symbol for SWHP and red symbols for ASHP) for three systems. In all three systems, the 

lowest daily SPFHP is 2.9-3.1. Considering the electricity consumed by pumps, SPFsys is lower 

than SPFHP in HP dominant periods. The lowest daily SPFsys of the serial and parallel systems 

is 2.4 and that of the dual-source system is 2.9. All the lowest daily SPFsyss occur in December.  
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Fig. 4-13: Variations of daily SPFsys and SPFHP over a heating season 

 

4.4.4 Yearly operation performance 

The overall operation performances of the IX-SAASHPs are listed in Table 4-5. The 

system simulation considers heat exchange with the ambient environment and the thermal 

energy stored in the tanks at the beginning and the ending.  

Table 4-5: Overall operation performance of the IX-SAASHPs 

System Period Serial  Parallel Dual-source 

Heat provision 

(kWh) 

HW Heating 

season 

2124.8 2235.2 2237.7 

 Non-heating 

season 

1427.3 1426.9 1427.5 

SH  7270.5 7523.7 7527.9 

Total  10822.6 11185.8 11193.1 

Heat provision  

(kWh) 

SWHP  7008.6 0 2289.1 

ASHP  0 8218.0 6586.6 

Solar Heating 

season 

2567.1 1802.6 1187.6 

Non-heating 

season 

1528.7 1444.1 1409.4 

SWHP 1705.7 0 449.2 

ASHP  0 2136.9 1737.7 
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Electricity 

consumption 

(kWh) 

Water pumps Heating 

season 

233.2 304.7 295.0 

 Non-heating 

season 

27.8 42.7 40.7 

Total  1966.763 2511.3 2522.6 

SPFHP SWHP  4.1 0 5.1 

ASHP  0 3.8 3.8 

COPave SWHP  4.5 0 5.0 

ASHP  0 3.5 3.5 

Solar thermal 

energy (kWh) 

To SWHP  5302.9 0 1839.9 

To end use Heating 

season 

2567.1 1802.6 1187.6 

 Non-heating 

season 

1528.7 1444.2 1409.4 

Total  9980.0 3593.2 4706.7 

Thermal energy from ambient air (kWh) 0 6054.1 4848.9 

SF Heating season 83.8% 18.5% 31.0% 

 Yearly  86.7% 29.0% 39.6% 

SPFsys Heating season 4.9 4.0 3.9 

 Yearly 5.5 4.5 4.4 

 

All the IX-SAASHPs can obtain yearly SPFsys above 4.4. This suggests that, for the 

weather conditions in London, IX-SAASHPs can be a promising choice for SH and HW. 

Compared with the systems in Table 2-5, the three systems show good operation performance 

even in a higher-latitude region. It is interesting to note that, using the same area of solar 

collector and TES tank volume, the parallel system has a lower yearly SF (29%) than the dual-

source system (39.6%), but both systems share similar SPFsys, 4.5 and 4.4. This means that in 

the dual-source system, the electricity consumed by pumps balances the electricity saved by 

using solar energy. In addition, it should be noticed that, though the dual-source IX-SAASHPs 

always have a COP under 3.5 in previous studies, for the weather conditions in London, the 

dual-source system can be comparable to the parallel system. This suggests that the dual-source 

IX-SAASHP is of higher application potential in high altitude regions. 

For all three systems, space heating accounts for around 67% of the total heat demand. 

This suggests that, although SH takes a shorter period, it is more important than HW in the 

domestic heating sector. To make the domestic heating sector greener, advanced technologies 

in various aspects helping reduce the heat demand for space heating, such as low U-value 

materials and passive design, need to be developed. 

In terms of heat provision, the HPs contribute to the most heat provision (around 83%) 

and also consume the most of the overall electricity consumption (around 85%). To increase 

heat provision and reduce operation costs, it is important to improve HP technologies for higher 

COP such as using a highly efficient compressor, suitable refrigerant and heat exchangers with 

enhanced heat transfer and improved design. 
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4.4.5 Economic analyses 

To evaluate and compare the economic performance of IX-SAASHPs, economic analyses 

are conducted for IX-SAASHPs, electric water heater and gas boiler, as well as electric heater 

and gas boiler boosted SHW systems.  

For economic analyses, the total energy consumption of the heating systems, Qtot, is 

calculated by Eq. (4-10): 

Qtot = (Qsh + Qhw - Qce)/ƞ                                                                                              (4-10) 

where Qce is the clean energy (extracted from solar and ambient air sources) used by the heating 

system and ƞ is the efficiency of the electric water heater and gas boiler. 

The payback period, Ppb, is defined based on the electric water heater by Eq. (4-11) 

Ppb = Ci / Cspy                                     (4-11) 

where Ci is the initial cost difference and Cspy is the cost saving per year calculated by Eq. (4-

12) and Eq. (4-13), respectively. 

Ci=Ci0-Cieh                 (4-12) 

Cspy=Co0-Coeh                 (4-13) 

where Ci0 and Co0 are the initial and operation costs of the heating system, respectively, Cieh 

and Coeh are the initial and operation costs of the electric water heater. 

The efficiencies of the electric water heater and gas boiler are taken from [161] to be 0.95 

and 0.85, respectively. The electric water heater and gas boiler have a TES tank of 300 L. For 

the SHW systems, the sizes of the solar collector and outdoor TES tank are taken to be the 

same as those of the dual-source IX-SAASHP and therefore both systems have the same 

amount of solar thermal energy collected i.e. ca. 4.71 MWh. The heat provisions of the three 

heating systems for SH and HW over the year is ca. 11.19 MWh. It is noted that, for the serial 

system, the heat provision of ca. 10.82 MWh is insufficient to meet the requirement of  thermal 

comfort sometimes and the rest heat needed is assumed to be provided by the auxiliary electric 

heaters with an efficiency of 0.95 for economic analysis of the heating systems.  

 The current energy prices are taken from E. On Energy (a UK energy supplier) to be 

£400.2 per MWh for electricity and £ 106.8 per MWh for gas (prices in June 2022) [255]. The 

prices of the components of the heating systems are obtained from an online market where the 

flat plate solar collector price is around £30 per m2, the water tank price is £290 per 100 L, and 

a pump with a head of 15 m and a capacity of 15 L/min is around £10 [256]. All three heating 

systems have a capacity of 8 kW. The systems are estimated to be easy to connect to the current 

space heating and water heater. The installation costs are assumed to be 3 hours for the SHW 
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system and 6 hours for SAASHPs with a cost of 80 per hour [257]. The shipping fees for 

international shipping are not included in the current economic analysis. 

The results of the economic analysis for 2022 are listed in Table 4-6. Though the gas 

boiler is the cheapest one today, they are expected to be phased out by 2033. The gas boiler 

boosted SHW is the second cheapest one and has a similar payback period to the parallel IX-

SAASHP. This suggests that the parallel IX-SAASHP can be a good alternative for replacing 

gas boiler boosted SHW from now on. The payback period of the electric heater boosted SHW 

is almost 1.7 times that of the parallel IX-SAASHP. The serial IX-SAASHP has the longest 

payback period due to its high initial cost. In general, IX-SAASHPs can save more operation 

costs than electric water heaters and electric heater boosted SHW. Considering both operation 

performance and economic efficiency, this study suggests the feasibility of using SAASHP in 

UK weather conditions to achieve a clean future. 

4.5 Summary 

In this chapter, TRNSYS has been used to simulate the operation performances of serial, 

parallel and dual-source IX-SAASHPs for SH and HW in London. The economic analysis has 

also been conducted according to the market of the IX-SAASHPs. The following conclusions 

can be drawn: 

1. All three IX-SAASHPs can achieve a yearly SPFsys higher than 4.4, suggesting their 

potential to be applied for domestic heating under weather conditions in high latitude 

regions.  

2. The heat provision of the serial IX-SAASHP is limited by the availability of solar irradiance. 

Since solar energy is the sole heat source of the serial system, it requires large sizes of solar 

collectors and TES tanks, resulting in high installation costs and a longer payback period.  

3. The parallel IX-SAASHP has the simplest pipe connection and control function. It shows 

the highest SPFsys and the most stable operation performance.  

4. The dual-source IX-SAASHP shows a much lower cost than the serial system and similar 

operation performance to the parallel system.  

5. The parallel IX-SAASHP has the lowest payback period of 0.72 years and the dual-source 

IX-SAASHP has a payback period of 0.92 years.  
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Table 4-6: Results of economic analysis for electric heater, SHW and IX-SAASHP heating systems (2022) 

 Electric 

water 

heater 

Gas  

boiler 

Electric 

heater 

boosted 

SHW 

Gas 

boiler 

boosted 

SHW 

Serial IX-

SAASHP 

Dual-source IX-

SAASHP 

Parallel IX-

SAASHP 

Heat provision per year, 

MWh 

11.19 11.19 11.19 11.19 10.82 + 0.37 11.19 11.19 

Efficiency/performance 0.95 0.85 0.95 0.85 SPF=5.5, 

0.95 

SPF=4.4 SPF=4.5 

Energy consumption per 

year, MWh 

11.8 13.2 7.2 8.0 2.1 2.2 2.2 

Initial 

cost, £ 

collector 0 0 540 540 1350 540 540 

tanks 870 870 2320 2320 9570 2320 2320 

Heater/HP 60 15 60 15 460+60 1085 330 

pumps 0 0 20 20 30 30 30 

Installation 0 0 240 240 480 480 480 

total 930 885 3180 3135 11950 4455 3700 

Operation cost, £ 4713.9 1406.0 2881.4 854.4 667.2 897.7 875.1 

Cost saving per year, £ - 3307.9 1832.5 3859.5 4046.7 3816.2 3838.8 

Payback period, year - - 1.23 0.57 2.71 0.92 0.72 
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5. Investigation of Low temperature heating operation 

performance of indirect expansion solar assisted 

air source heat pump 
 

The set hot-water-supply temperature of the heating system affects both the system 

operation performance and the thermal comfort condition of the house. Operation performances 

of low temperature heating and ultra-low temperature heating are investigated. Different from 

district heating, this study is focused on individual domestic heating, which can give a reference 

for distributed heating. A single-family house is chosen as the reference building and the heating 

system is modelled and simulated under the weather conditions in the locations of London, 

Aughton and Aberdeen in the UK over a year. The set hot-water-supply temperatures are taken 

to be 40 oC, 45 oC, 50 oC and 55 oC. For the heating systems, with the decrease in set hot-water-

supply temperature from 55 oC to 50 oC, 45 oC and 40 oC, the yearly total electricity 

consumption decreases by 5.6%, 10.5% and 19.1% in London; 5.6%, 10.4% and 14.9% in 

Aughton; and 4.4%, 10.3% and 13.3% in Aberdeen, respectively. The results show that low 

temperature heating enables a significant reduction in electricity consumption of such heating 

systems. This provides valuable inspiration for approaches to Net Zero.

5.1 Seasonally heating performance for different set hot-water-supply temperatures 
 

Fig. 5-1 displays the variations of the room air temperature (black) and hot water 

temperature at the outlet of TES tank 2 (THWS) over a heating season for different THWS*.  When 

THWS drops down below THWS*, the heat pump switches on to increase THWS. It is seen that the 

temperature drops in THWS occur more frequently for lower THWS* due to the lower capacity of 

TES at a lower temperature. When THWS* is set at 40 oC – 50 oC, in all these three locations, 

the heating system can provide sufficient thermal energy and maintain THWS around 5 K higher 

than THWS*. This suggests that though the heating demand in Aberdeen is much higher than 

those in London and Aughton, the heating system with the same heating capacity can provide 

sufficient heat to meet the heating demand in Aberdeen. However, when THWS* is set at 55 oC, 

the heating system under weather conditions in London and Aughton works well and achieves 

a THWS of around 60 oC; in Aberdeen, the heating system can only maintain a THWS of 57 oC, 

slightly higher than the set temperature.  
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Fig. 5-1: Variations of room air temperature and hot water temperature at the outlet of TES 

tank 2 over a heating season for different THWS*. 

 

Taking the operation performance of the heating system in London, for example, Fig. 5-2 

shows the daily variations of heat provision for space heating (green) and hot water (yellow) 

over a heating season for different THWS*. The stacked instantaneous values show the total heat 

provision. The variation of the heat provision for space heating is seen as different for different 

THWS*. This is attributed to the influence of thermal energy stored in building structures at 

different temperatures. When THWS* is set at 40 oC, the heat provision for hot water is slightly 

lower than the heat demand at the beginning of heating periods (300th day) while at other 

temperatures of THWS*, the heat provision meets well with the heat demands. This is because 

the lower capacity of tank 2 TES at THWS* of 40 oC is hardly to meet the sudden increase in 

heat demand. 
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Fig. 5-2: Daily variations of heat for space heating and hot water over a heating season for 

different THWS*. 

 

Fig. 5-3 displays the daily variations of heat provision for space heating and hot water by 

direct SHW, ASHP and SWHP over a heating season for different THWS*.  The red column 

represents the daily heat provision by ASHP, the yellow column represents that by SWHP, and 

the purple column represents that by direct SHW. The stacked chart shows the total heat 

provision. For different THWS*, the proportions of heat provision contributed by ASHP, SWHP 

and direct SHW are almost the same and the heat provision by ASHP is dominant. The direct 

SHW contributes to the main heat provision in the non-heating period. Additionally, in the non-

heating period, for example 273th-300th days, the increased contribution of SWHP is observed 

as THWS* increases. 
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Fig. 5-3: Daily variations of heat for space heating and hot water by direct SHW, ASHP and 

SWHP over a heating season for different THWS*.  

 

Fig. 5-4 shows the daily variations of electricity consumed by ASHP (yellow), SWHP 

(red) and SHW (blue) over a heating season for different THWS*. Referring to Fig. 7, the 

electricity is mainly consumed by ASHP. It is also seen that the electricity consumed by SWHP 

increases as THWS* increases in the non-heating period. As THWS* increases, the electricity 

consumption by ASHP and SWHP increase since the condensing temperature increases. For 

example, on the 381st (16th) day, the total electricity consumptions are 30.9 kWh and 33.5 kWh 

for THWS* of 40 oC and 55 oC, respectively. 
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Fig. 5-4: Daily variations of electricity consumed by ASHP, SWHP and SHW over a heating 

season for different THWS*.  

 

Fig. 5-5 shows the daily variations of thermal energy extracted from solar energy either 

used as the heat source for SWHP (pink) or directly for hot water (SHW, blue) over a heating 

season for different THWS*. The total solar energies used are almost the same for different 

THWS*. As THWS* increases, the capacity for direct SHW decreases and therefore more solar 

thermal energy is used by SWHP. For THWS* of 45 oC and above, SWHP is often operated in 

non-heating periods while in this temperature range, as THWS* increases, the total solar energy 

used by SWHP in non-heating periods remains almost the same.  
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Fig. 5-5: Daily variations of thermal energy extracted from solar energy either used as the heat 

source for SWHP or directly for hot water (SHW) over a heating season for different THWS*.  

 

Fig. 5-6 shows the daily variations of QTES charged (positive) and discharged (negative) 

of tank 2 over a heating season for different THWS*. Although THWS* influences the storage 

capacity, the daily TES charged and discharged look similar for all different THWS*.  
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Fig. 5-6: Daily variations of QTES charged (positive) and discharged (negative) over a heating 

season for different THWS*. 

 

Fig. 5-7 shows the variations of daily averaged COPs of ASHP and SWHP over a heating 

season for different THWS*. For both ASHP and SWHP, COP decreases as THWS* increases. 

The variation among COPASHP for different THWS* is relatively small, around 1.0 while the 

variation among COPSWHP for different THWS* is larger, around 2.0. The COPASHP ranges 

mainly in 3.0-4.0 while the COPSWHP ranges mainly in 4.0-6.0. On some days such as the 315th 

day, for both ASHP and SWHP their COPs at lower THWS* are higher than those at higher 

THWS*. 
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Fig. 5-7: Variations of daily averaged COP of the HPs over a heating season for different THWS*. 

 

Fig. 5-8 shows the daily variations of SPFsys and SPFHP over a heating season for different 

THWS*. SPFHP shows the same trend as COPHP. The influence of THWS* on SPFsys is seen as 

complicated. On most days, low temperature heating achieves better performance, especially 

in the non-heating period. However, on some days such as the 312th day, the trend of the 

performance is inverse. On some days such as the 479th (114th) day, SPFsys is not influenced 

by THWS*; SPFsys decreases as THWS* decreases from 55 oC but reaches the highest value at 

THWS* of 40 oC. 
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Fig. 5-8: Daily variations of SPFsys and SPFHP over a heating season for different THWS*. 

 

5.2 Low temperature heating performance for London, Aughton and Aberdeen 
 

The performances of low temperature heating of the heating system under the weather 

conditions in London, Aughton and Aberdeen are analysed and compared. Fig. 5-9 shows the 

daily variations of heat provision for space heating (green) and hot water (yellow) over a 

heating season in London, Aughton and Aberdeen, respectively. The heat provision for hot 

water in Aberdeen is the highest, followed by Aughton and London. This is due to their mains 

cold water temperatures. The heat provision for space heating shows the same trend as the 

heating load shown in Chapter 3. In Aberdeen, the daily heat provision for space heating is the 

highest with a large variation and a peak value of 108.4 kWh. In London and Aughton, the 

daily heat provisions for space heating are relatively lower with peak values of 90.5 kWh and 

90.8 kWh. The heat provision for space heating in Aughton shows less variation. 
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Fig. 5-9: Daily variations of heat for space heating and hot water over a heating season in 

London, Aughton and Aberdeen 

 

Fig. 5-10 shows the daily variations of heat provision for space heating and hot water by 

direct SHW (purple), ASHP (yellow) and SWHP (red) over a heating season in London, 

Aughton and Aberdeen, respectively. In the heating season, ASHP, SWHP and direct SHW 

contribute to 66.3%, 21.2% and 12.5% of the total heat in London, 63.1%, 24.6% and 12.3% 

in Aughton and 67.3%, 22.9% and 9.8% in Aberdeen, respectively. It is seen that the heat 

provided by ASHP is about three times that by SWHP and about six times that by direct SHW 

in the three locations. It is also noted that on some days e.g. from 329th to 385th, all the heat is 

solely supplied by HPs (ASHP 87.6% and SWHP 12.4%) in Aberdeen. 
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Fig. 5-10: Daily variations of heat for space heating and hot water by direct SHW, ASHP and 

SWHP over a heating season in London, Aughton and Aberdeen 

 

Fig. 5-11 shows the daily variations of electricity consumed by ASHP (yellow), SWHP 

(red) and pumps (blue) over a heating season in London, Aughton and Aberdeen, respectively. 

The electricity consumptions over the heating season in London, Aughton and Aberdeen are 

2221.1 kWh, 2246.5 kWh and 3067.0 kWh. In the heating season, the proportions of the 

electricity consumption by ASHP, SWHP and pumps are 70.9%, 16.7% and 12.4% in London, 

68.5%, 19.1% and 12.3% in Aughton and 70.9 %, 17.4% and 11.6% in Aberdeen, respectively. 

It is seen that the electricity consumed by ASHP is about four times that by SWHP and about 

five times that by pumps in the three locations. Though heat is not supplied directly by SHW 

in the period of 329th – 385th day in Aberdeen, the electricity consumption by water pumps is 

146.2 kWh to assist the operation of SWHP and to charge the TES tank 1.  
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Fig. 5-11: Daily variations of electricity consumed by ASHP, SWHP and pumps over a heating 

season in London, Aughton and Aberdeen 

 

Fig. 5-12 shows the daily variations of thermal energy extracted from solar energy either 

used as the heat source for SWHP (pink) or direct solar hot water (SHW, blue) over the heating 

season in London, Aughton and Aberdeen, respectively. In the heating season, the total solar 

energies utilized in London, Aughton and Aberdeen are 3.0 MWh, 3.3 MWh and 3.6 MWh, 

respectively. The proportions of the solar energy utilized by SWHP and direct SHW are 58.2% 

and 41.8% in London, 62.3% and 37.7% in Aughton and 65.7% and 34.3% in Aberdeen, 

respectively. It is seen that more solar energy is utilized by SWHP at higher latitudes. On some 

days, e.g. 426th (61st) day, the solar thermal energy extracted in London is only 5.79 kWh while 

those in Aughton and Aberdeen are 21.9 kWh and 39.3 kWh. Furthermore, in December, solar 

thermal energy is seen to provide a large direct SHW of 69.8 kWh in Aughton. This is due to 

the unpredictable weather conditions in these locations. 
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Fig. 5-12: Daily variations of thermal energy extracted from solar energy either used as the 

heat source for SWHP or directly for hot water (SHW) over a heating season in London, 

Aughton and Aberdeen 

 

Fig. 5-13 shows the daily variations of averaged COP of the HPs over a heating season in 

London (blue), Aughton (orange) and Aberdeen (green). In all three locations, the values of 

COPASHP fall in the range of 3.0-4.0. The COPASHP in Aberdeen is slightly lower than those in 

London and Aughton. The averaged values of COPASHP are 3.8, 3.8 and 3.6 in London, 

Aughton and Aberdeen, respectively. In contrast, the values of COPSWHP in the three locations 

vary largely from 3.0 to 7.0 in autumn and winter while in early spring (since the 440th day), 

the values of COPSWHP for the three locations fall in the range of 5.5-6.5. This is due to the 

large variations in solar irradiance in autumn and winter and fewer variations in spring. The 

averaged values of COPSWHP are 5.6, 5.6 and 5.4 in London, Aughton and Aberdeen, 

respectively. It is seen that the average value of COPSWHP  is much higher than that of COPASHP. 

This is attributed to the higher evaporation temperature of the refrigerant in the water-to-

refrigerant evaporator than that in the air-to-refrigerant evaporator. 

 



 128 

 

Fig. 5-13: Daily variations of averaged COP of the HPs over a heating season in London, 

Aughton and Aberdeen. 

 

Fig. 5-14 shows the daily variations of SPFHP and SPFsys over the heating season in 

London (blue), Aughton (orange) and Aberdeen (green). In all three locations, the values of 

SPFSWHP fall in the range of 4.0-6.5 and those of SPFASHP fall in the range of 3.5-4.5. In London, 

Aughton and Aberdeen, the seasonal SPFsys are 4.4, 4.4 and 4.1 and the yearly SPFsys are 4.9, 

5.0 and 4.5. The yearly SPFsys is consistent with the value of solar extractable in the three 

locations. In autumn and spring, the values of SPFsys are seen as largely scattered and much 

higher due to large variations in weather conditions. In addition, the fact that the heating 

demand for space heating decreases results in a significant increase in the heating provided by 

direct SHW. Sometimes, the heating system in Aberdeen shows the highest SPFsys. For 

example, SPFsys until the 394th day in London, Aughton and Aberdeen are 3.9, 3.8 and 4.9, 

respectively.  
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Fig. 5-14: Daily variations of SPFsys and SPFHP over a heating season in London, Aughton and 

Aberdeen 

 

5.3 Comparison of overall heating performance 
 

Table 5-1 lists the overall operation performances of the heating system. The heat 

exchange with outdoor surroundings and the stored thermal energy in the TES tanks at the 

beginning and ending of the simulations are considered. In all cases, the temperature for hot 

water and space heating is set to be the same. For each location, the heat provisions are similar 

because the heat demands are the same at different THWS*, but the provisions can vary slightly 

due to the influence of THWS*. Especially, when THWS* is 40 oC, equal to the set hot water 

temperature, the temperature of the hot water provided may be lower than the set hot water 

temperature after feed water enters TES tank 2. Therefore, heat provisions for hot water with a 

THWS* of 40 oC are lower than those at other THWS* in all three locations. 
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Table 5-1: Overall performance of the heating system operating in London, Aughton and Aberdeen 

System Period London Aughton Aberdeen 

40 45 50 55 40 45 50 55 40 45 50 55 

Heat 
provision 
(kWh) 

HW Heating- 2236.7 2237.8 2237.7 2237.7 2272 2273.0 2273.0 2272.6 2434.5 2439.9 2441.8 2440.7 
 Non-

heating- 
1427.0 1427.2 1427.5 1427.2 1468.8 1468.9 1469.0 1468.9 1627.9 1628.3 1628.5 1628.4 

SH  7512.0 7515.5 7527.9 7524.6 7675.4 7669.6 7676.9 7674.8 10052.4 10053.1 10053.5 10052.7 
Total  11175.7 11180.4 11193.1 11189.5 11416.2 11411.5 11419.0 11416.2 14114.8 14121.2 14123.7 14121.8 

Heat 
provision  
(kWh) 

SWHP  2098.2 2239.3 2289.1 2299.6 2480.4 2579.1 2607.8 2656.6 2920.6 3039.3 3123.4 3173.0 
ASHP  6565.6 6568.1 6586.6 6602.1 6362.2 6382.0 6374.9 6397.4 8560.8 8593.0 8575.1 8600.6 
Solar Heating- 1243.1 1195.9 1187.6 1194.1 1241.9 1171.0 1200.0 1158.5 1246.6 1217.8 1206.9 1180.4 

Non- 
heating- 

1487.5 1427.1 1409.4 1402.6 1553.7 1533.4 1517.5 1514.9 1605.8 1525.9 1504.2 1488.9 

Electricity 
consumpti
on (kWh) 

SWHP 370.1 414.5 449.2 477.1 429.6 466.3 494.9 530.7 534.2 580.1 635.2 673.2 
ASHP  1574.6 1646.0 1737.7 1843.3 1539.5 1616.1 1704.5 1810.9 2175.7 2268.3 2385.1 2481.7 
Water 
pumps 

Heating- 276.4 284.2 295.0 307.4 277.4 285.7 295.5 308.5 357.1 367.0 372.2 391.7 
Non-
heating- 

41.3 40.9 40.7 40.9 41.9 41.7 41.7 41.6 50.6 50.4 49.3 50.7 

Total  2262.4 2385.7 2522.6 2668.8 2288.3 2409.8 2536.6 2691.7 3117.6 3265.7 3441.8 3597.3 
SPFHP SWHP  5.7 5.4 5.1 4.8 5.8 5.5 5.3 5 5.5 5.2 4.9 4.7 

ASHP  4.2 4.0 3.8 3.6 4.1 3.9 3.7 3.5 3.9 3.8 3.6 3.5 
Heat 
provision 
period 
(hour) 

SWHP  301.63 315.89 327.25 333.25 351.38 364.13 371.63 385.13 411.13 420.89 415.13 452.5 
ASHP  743.00 743.75 746.38 759.00 725.13 727.75 727.50 740.38 997 1000.13 899.25 1006.3 

Electricity 
consumpti
on per 
kWh heat 
provision 
(kWh) 

SWHP  0.18 0.19 0.20 0.21 0.17 0.18 0.19 0.20 0.18 0.19 0.20 0.21 
ASHP  0.24 0.25 0.26 0.28 0.24 0.25 0.27 0.28 0.25 0.26 0.28 0.29 

COPave SWHP  5.6 5.3 5.0 4.8 5.6 5.4 5.2 5.0 5.4 5.1 4.8 4.7 
ASHP  3.8 3.7 3.5 3.3 3.8 3.6 3.4 3.2 3.6 3.5 3.3 3.2 
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Solar 
thermal 
energy 
(kWh) 

To 
SWHP 

 1728.1 1824.8 1839.9 1822.5 2050.8 2112.7 2113.0 2125.9 2386.4 2459.3 2488.1 2499.8 

To end 
use 

Heating- 1243.1 1195.9 1187.6 1194.1 1241.9 1171.0 1200.2 1158.5 1246.6 1217.8 1206.9 1180.4 
Non-
heating- 

1487.5 1427.1 1409.4 1402.6 1553.7 1533.4 1517.5 1514.9 1605.8 1525.9 1504.2 1488.9 

Total  4739.8 4720.9 4706.7 4686.0 5131.0 5095.5 5103.9 5070.2 5515.9 5471.6 5464.3 5427.6 
Thermal energy from ambient 
air (kWh) 

4991.0 4922.0 4848.9 4758.7 4822.7 4765.9 4670.4 4586.5 6385.1 6324.7 6190.0 6118.9 

SF Heating season 30.5% 31.0% 31.0% 30.9% 33.1% 33.0% 33.3% 33.0% 29.1% 29.4% 29.6% 29.5% 
 Yearly  39.9% 39.8% 39.6% 39.5% 42.5% 42.2% 42.3% 42.0% 37.1% 36.8% 36.8% 36.6% 
SPFsys Heating season 4.4 4.2 3.9 3.7 4.4 4.2 4.0 3.8 4.1 3.9 3.7 3.5 
 Yearly 4.9 4.7 4.4 4.2 5.0 4.7 4.5 4.2 4.5 4.3 4.1 3.9 

Note: Heating-: Heating season; Non-heating-: Non-heating season. 



 132 

The influence of THWS* on heat provision for space heating is complex. THWS can influence 

the indoor air temperature and thus the heat provision period of the heating system. At a lower 

THWS*, the heat provision periods of both ASHP and SWHP are shorter and result in lower 

indoor air temperature within the temperature range for thermal comfort. Thus, the heat 

provision for SH is less. However, the indoor air temperature can influence the TES 

performance of the furniture inside the building higher indoor air temperature brings more TES 

and requires less heat provision. The influence on total heat provisions is a combination of both 

effects. Generally, for the selected three locations, a THWS* of 50 oC, the system achieves the 

highest heat provision for space heating. 

Fig. 5-15 shows the variations of heat provision for space heating and hot water by SWHP, 

ASHP and direct SHW against THWS* for heating systems operating in London (black), 

Aughton (red) and Aberdeen (blue). The lines are a guide for the eye. It can be seen that as 

THWS* decreases, heat provision from HPs decreases and that from direct SHW increase. When 

THWS* decreases from 55 oC to 50 oC, 45 oC and 40 oC, the contribution of SWHP decrease by 

0.5%, 2.6% and 8.8% in London; by 1.8%, 2.9% and 6.6% in Aughton; and by 1.6%, 4.2% and 

8.0% in Aberdeen. The heat provision from ASHP shows an inapparent decreasing trend. As 

THWS* decreases from 55 oC to 50 oC, 45 oC and 40 oC, the contribution of ASHP decrease by 

0.2%, 0.5% and 0.6% in London; by 0.4%, 0.2% and 0.6% in Aughton; and by 0.3%, 0.1% and 

0.5% in Aberdeen. At the same time, the contribution of direct SHW increases by 0.01%, 1.0% 

and 5.2% in London; by 1.7%, 1.2% and 4.6% in Aughton; and by 1.6%, 2.8% and 6.9% in 

Aberdeen.  

 

Fig. 5-15: Variations of heat for space heating and hot water by SWHP, ASHP and direct SHW 

against THWS* for heating systems operating in London, Aughton and Aberdeen. 
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Fig. 5-16 displays the variations of electricity consumed by SWHP and ASHP and the 

total electricity consumed by the heating system against THWS* for heating systems operating 

London (black), Aughton (red) and Aberdeen (blue). With the decrease of THWS* from 55 oC 

to 50 oC, 45 oC and 40 oC, the electricity consumed by SWHP is decreased by 5.9%, 13.1 % 

and 22.4% in London; by 6.8%, 12.1 % and 19.1% in Aughton; and by 5.6%, 13.8% and 20.7% 

in Aberdeen. The electricity consumed by ASHP is decreased by 5.7%, 10.7% and 14.6% in 

London; by 5.9%, 10.8 % and 15.0% in Aughton; and by 3.9%, 8.6% and 12.3% in Aberdeen. 

 

 

Fig. 5-16: Variations of electricity consumed by SWHP and ASHP and the total electricity 

consumed by the heating system against THWS* for heating systems operating London, Aughton 

and Aberdeen. 

 

Fig. 5-17 shows the variation of thermal energy extracted from solar energy and ambient 

air against THWS* for heating systems operating in London (black), Aughton (red) and 

Aberdeen (blue). With the decrease of THWS* from 55 oC to 50 oC, 45 oC and 40 oC, thermal 

energy collections from ambient air increases by 1.9 %, 3.4% and 4.9% in London; by 1.8 %, 

3.9% and 5.2% in Aughton; and by 1.2 %, 3.4% and 4.4% in Aberdeen. As THWS* decreases 

from 55 oC to 50 oC, 45 oC and 40 oC, thermal energy collections from solar is increased by 

0.4%, 0.7% and 1.2% in London; by 0.7%, 0.5% and 1.2% in Aughton; and by 0.7%, 0.8% and 

1.6% in Aberdeen. 
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Fig. 5-17: Variation of thermal energy (Q) extracted from solar energy and ambient air against 

THWS* for heating systems operating in London, Aughton and Aberdeen. 

 

Fig. 5-18 shows averaged COP of SWHP and ASHP with THWS* for heating systems 

operating in London (black), Aughton (red) and Aberdeen (blue). With the decrease of THWS* 

from 55 oC to 50 oC, 45 oC and 40 oC, the COP of SWHP increases by 4.2%, 10.4% and 16.7% 

in London; by 4.0%, 8.0% and 12.0% in Aughton; and by 2.1%, 8.5% and 14.9% in Aberdeen. 

At the same time, the COP of ASHP increases by 6.1%, 12.1% and 15.2% in London; by 6.3%, 

12.5% and 18.8% in Aughton; and by 3.1%, 9.4% and 12.5% in Aberdeen. 
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Fig. 5-18: Averaged COP of SWHP and ASHP with THWS* for heating systems operating in 

London, Aughton and Aberdeen. 

 

Fig. 5-19 shows the variations of yearly and seasonally SF with THWS* for heating systems 

operating in London (black), Aughton (red) and Aberdeen (blue). The SF in the heating season 

shows a similar variation trend with the heat provision for space heating. For the yearly SFs, 

as THWS* decreases from 55 oC to 50 oC, 45 oC and 40 oC, it increases from 39.5% to 39.6%, 

39.8% and 39.9% in London; from 42.0% to 42.3%, 42.2% and 42.5% in Aughton; and from 

36.6% to 36.8%, 36.8% and 37.1% in Aberdeen. 
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Fig. 5-19: Variations of yearly and seasonally SF with THWS* for heating systems operating in 

London, Aughton and Aberdeen. 

 

Fig. 5-20 shows the variations of yearly and seasonally SPFHP and SPFsys with THWS* in 

London (black), Aughton (red) and Aberdeen (blue). As THWS* decreases from 55 oC to 50 oC, 

45 oC and 40 oC, the SPF of SWHP increases by 6.3%, 12.5% and 18.8% in London; by 6.0%, 

10.0% and 16.0% in Aughton; and by 4.3%, 10.6% and 17.0% in Aberdeen. At the same time, 

the SPF of ASHP increases by 5.6%, 11.1% and 16.7% in London; by 5.7%, 11.4% and 17.1% 

in Aughton; and by 2.9%, 8.6% and 11.4% in Aberdeen. When THWS* decreases from 55 oC to 

50 oC, 45 oC and 40 oC, the yearly SPFsys increases by 4.8%, 11.9% and 16.7% in London; by 

7.1%, 11.9% and 19.1% in Aughton; and by 5.1%, 10.3% and 15.4% in Aberdeen. At the same 

time, the seasonally SPFsys increases by 5.4%, 13.5% and 18.9% in London; by 5.3%, 10.5% 

and 15.8% in Aughton; and by 5.7%, 11.4% and 17.1% in Aberdeen.  
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(a)                                                                               (b) 

Fig. 5-20: Variations of yearly and seasonally SPFHP and SPFsys with THWS* in London, 

Aughton and Aberdeen. 

 

Low temperature heating helps to reduce electricity consumption, as shown in Fig. 5-21. 

For the heating system, with the decrease of THWS* from 55 oC to 50 oC, 45 oC and 40 oC, the 

yearly electricity consumption decreases by 5.6%, 10.5% and 19.1% in London; by 5.6%, 10.4% 

and 14.9% in Aughton; by 4.4%, 10.3% and 13.3% in Aberdeen. It is seen that at a higher water 

supply temperature, the electricity savings for the three cities are generally the same; at a lower 

water supply temperature, more electricity savings can be achieved in a city at lower latitude. 

 

Fig. 5-21: Electricity savings at THWS* of 40 oC, 45 oC and 50 oC compared with electricity 

consumption at THWS* of 55 oC 
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5.4 Economic analyses 
 

To understand the influence of low temperature heating on the economic performance of 

IX-SAASHPs, economic analyses are conducted for dual-source IX-SAASHPs of different 

THWS* and electric water heaters in London, Aughton and Aberdeen.  

For economic analyses, the total energy consumption of the heating systems, Qtot, is 

calculated by Eq. (5-1): 

Qtot = (Qsh + Qhw)/ƞ                                                                                                       (5-1) 

where ƞ is the efficiency of the electric water heater and gas boiler. 

The payback period, Ppb, is defined based on the electric water heater by Eq. (5-2): 

Ppb = Ci / Cspy                                       (5-2) 

where Ci is the initial cost difference and Cspy is the cost saving per year calculated by Eq. (5-

3) and Eq. (5-4), respectively. 

Ci=Ci0-Cieh                   (5-3) 

Cspy=Co0-Coeh                   (5-4) 

where Ci0 and Co0 are the initial and operation costs of the heating system, respectively, Cieh 

and Coeh are the initial and operation costs of the electric water heater. 

The efficiency of the electric water heater is taken from [161] to 0.95. The electric water 

heater has a TES tank of 300 L. The heat provisions of the electric water heater over the year 

are set to be the average value for the corresponding location. The current energy prices are 

taken from E.On Energy (a UK energy supplier) to be £400.2 per MWh for electricity and 

£ 106.8 per MWh for gas (prices in June 2022) [255]. The prices of the components of the 

heating systems are obtained from an online market where the flat plate solar collector price is 

around £30 per m2, the water tank price is £290 per 100 L, and a pump with a head of 15 m 

and a capacity of 15 L/min is around £10 [256]. All the heating systems have a capacity of 8 

kW. The systems are estimated to be easy to connect to the current space heating and water 

heater. The installation costs are assumed to be 3 hours for the SHW system and 6 hours for 

SAASHPs with a cost of 80 per hour [257]. The shipping fees for international shipping are 

not included in the current economic analysis. 
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Table 5-2: Results of economic analysis for the heating systems in London (2022) 

 Electric water heater London Aughton Aberdeen 

London Aughton Aberdeen 40 45 50 55 40 45 50 55 40 45 50 55 

Heat provision per 

year, MWh 

11.18 11.42 14.12 11.18 11.18 11.19 11.19 11.42 11.41 11.42 11.42 14.11 14.12 14.12 14.12 

Efficiency/performance 0.95 0.95 0.95 4.9 4.7 4.4 4.2 5 4.7 4.5 4.2 4.5 4.3 4.1 3.9 

Electricity 

consumption per year, 

MWh 

11.77 12 14.86 2.16 2.39 2.52 2.67 2.29 2.41 2.54 2.69 3.12 3.23 3.44 3.60 

Initial 

cost, £ 

collector 0 0 0 540 540 540 540 540 540 540 540 540 540 540 540 

tanks 870 870 870 2320 2320 2320 2320 2320 2320 2320 2320 2320 2320 2320 2320 

Heater/HP 60 60 60 1085 1085 1085 1085 1085 1085 1085 1085 1085 1085 1085 1085 

pumps 0 0 0 30 30 30 30 30 30 30 30 30 30 30 30 

Installation 0 0 0 480 480 480 480 480 480 480 480 480 480 480 480 

total 930 930 930 4455 4455 4455 4455 4455 4455 4455 4455 4455 4455 4455 4455 

Operation cost, £ 4710.4 4802.4 5947.0 864.4 956.5 1008.5 1068.5 916.5 964.5 1016.5 1076.5 1248.6 1292.6 1376.7 1440.7 

Cost saving per year, £ - - - 3845.9 3753.9 3701.9 3641.8 3885.9 3837.9 3785.9 3725.9 4698.3 4654.3 4570.3 4506.3 

Payback period, year - - - 0.92 0.94 0.95 0.97 0.91 0.92 0.93 0.95 0.75 0.76 0.77 0.78 
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The economic analysis for different THWS* for 2022 at three locations is displayed in Table 

5-2. The payback periods decrease as THWS* decreases. With the decrease of THWS* from 55 oC 

to 50 oC, 45 oC and 40 oC, in 2022, the payback periods decrease by 2.0%, 3.0% and 5.9% in 

London; those decreased by 1.0%, 2.0% and 4.1 % in Aughton; the payback periods decrease 

by 1.2%, 2.5% and 3.7% in Aberdeen. Among the three selected locations, Aberdeen has the 

highest heat demand, 26.3% higher than that in London, and the lowest payback periods, 

around 19% lower than those in London. 

 

5.5 Summary 

 

TRNSYS has been used to simulate the low temperature operation performance of dual-

source IX-SAASHPs under the weather conditions in London, Aughton and Aberdeen in the 

UK, respectively. Based on the energy and economic analyses, the conclusions below can be 

obtained: 

(1) Low temperature heating can significantly reduce electricity consumption. For the heating 

system, with the decrease of the set hot-water-supply temperature from 55 oC to 40 oC, the 

yearly electricity consumption decreases by 19.1% in London, 14.9% in Aughton, and 

13.3% in Aberdeen, respectively. 

(2) Low temperature heating increases thermal energy collection from both solar energy and 

ambient air, and hence COP largely increases. With the decrease of the set hot-water-

supply temperature from 55 oC to 40 oC, the COP of SWHP increases from 4.8 to 5.6 in 

London, from 5.0 to 5.6 in Aughton; and from 4.7 to 5.4 in Aberdeen, respectively, while 

the COP of ASHP increases from 3.3 to 3.8 in London; from 3.2 to 3.8 in Aughton; and 

from 3.2 to 3.6 in Aberdeen, respectively. 

(3) Low temperature heating benefits by decreasing heat provision from ASHP and SWHP 

and increasing the heat provision from direct SHW, resulting in much better system 

efficiency. When the set hot-water-supply temperature decreases from 55 oC to 40 oC, the 

yearly SPFsys increases from 4.2 to 4.9 in London; from 4.2 to 5.0 in Aughton; and from 

3.9 to 4.5 in Aberdeen, respectively. 

(4) At the set hot-water-supply temperature of 40 oC, the heat provided by ASHP is about 

three times that by SWHP and about six times that by direct SHW, and the electricity 

consumed by ASHP is about four times that by SWHP and about five times that by pumps 

in the three locations. 



 141 

(5) SF appears to be negligibly influenced by latitude and set hot-water-supply-temperature. 

For different set hot-water-supply-temperature, SF is 40% in London, 42% in Aughton, 

and 37% in Aberdeen. 

(6) The payback periods slightly decrease as the set hot-water-supply temperature decreases. 

With the decrease of the set hot-water-supply-temperature from 55 oC to 40 oC, for the 

electricity price in April 2022, the payback periods decrease from 1.01 years to 0.95 years 

in London, from 0.98 years to 0.94 years in Aughton, and from 0.81 years to 0.78 years in 

Aberdeen. 
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6. Operation performance of the system using 

compound parabolic concentrator-capillary tube 

solar collector 
 

Solar assisted air source heat pump heating systems are capable of achieving green heating. 

High thermal performance and low cost of such heating systems are essentially required and 

solar collectors play an important role in achieving such targets. This chapter reports numerical 

simulations of solar assisted air source heat pump heating systems, by integrating compound 

parabolic concentrator-capillary tube solar collectors which have high collector efficiency at 

high temperatures, benefitting to work with sensible TES methods. The heating system is used 

to provide both space heating and hot water for a single-family house in London, UK. The 

operation of the heating system is simulated by TRNSYS. The system using CPC-CSC achieves 

an SPF of 4.7 in London weather conditions. Particularly, for almost the same seasonal 

performance factor, the area required for the concentrated solar collector is 12 m2 while the 

area required for the flat plate solar collector is 18 m2, leading to one third collector size 

reduction and hence significant cost reduction and convenient installation. According to both 

system performance and economic analysis, CPC-CSC with an area of around 9 m2 is 

recommended. Considering further improvements in system design and operation, the heating 

system using smaller size CPC-CSC e.g. 6 m2 can potentially achieve a higher SPFsys. Since 

solar collectors with a smaller size can be much more easily adopted for domestic use, using 

CPC-CSC benefits the wide rollout of SAASHP heating systems for domestic heating.  

6.1 Compound parabolic concentrator-capillary solar collector 
 

The CPC-CSC consists of CPCs, capillary tubes, a glass cover, an insulation layer and a 

baseplate (see Fig. 6-1(a)) [108]. Each CPC unit has an aperture width of 53 mm, a groove 

depth of 52.5 mm and a concentration ratio of 4.22. The capillary tubes with an outer diameter 

of 4 mm and an inner diameter of 2 mm are placed and fixed at the circle for involute of the 

CPC. To reflect all the solar radiation to the absorber surface, the diameter of the circle for the 

involute of the CPC concentrator is set to be the outer diameter of the capillary tubes. The 

reflective surface is coated with an aluminium foil layer with a thickness of 0.1 mm and a 

reflectivity of 0.85. Two copper tubes with an outer diameter of 12 mm and an inner diameter 

of 10 mm work as the inlet and outlet headers connecting the capillary tubes. The single-layer 

high-transparent glass cover has a thickness of 4 mm. The four sides and the baseplate of the 
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solar collector are insulated to reduce heat loss. Water is used as the working fluid. The CPC-

CSC has high collector efficiency at high temperatures, benefitting to work with sensible TES 

methods.  

 

 

(a)                                                                                        (b) 

 

Fig. 6-1: Structure of CPC-CSC: (a) geometry (b) schematic [108] 

 

As shown in Fig. 6-1(b), the CPC concentrator consists of two pairs of symmetrical curves 

(circle for involute of the CPC and parabola line) with compound rotation. The circle for 

involute of the CPC is defined by Eq. (6-1) for 0 ≤ 𝜑 ≤ 90° + 𝜃𝐴: 

𝑋 =
𝑑

2
(sin 𝜑 − 𝜑 cos 𝜑)  

𝑌 = −
𝑑

2
(𝜑 sin 𝜑 + cos 𝜑)                 (6-1) 

where 𝜑 is the angle between the incident ray and the X-axis. The parabola line is defined by 

Eq. (6-2) for 90° + 𝜃𝐴 ≤ 𝜑 ≤ 270° + 𝜃𝐴: 

𝑋 =
𝑑

2
(sin 𝜑 − 𝐴∗ cos 𝜑)  

𝑌 = −
𝑑

2
(𝐴∗ sin 𝜑 + cos 𝜑)                 (6-2) 

where 

𝐴∗ =
𝜋

2
+𝜃𝐴+𝜑−cos(𝜑−𝜃𝐴)

1+sin(𝜑−𝜃𝐴)
                  (6-3) 

𝜃𝐴 is the aperture angle of the CPC defined by Eq. (6-4): 

𝜃𝐴 = sin−1(
1

𝐶𝑅
)                   (6-4) 

where CR is the concentration ratio, given by Eq. (6-5): 
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𝐶𝑅 =
𝐷

𝜋×𝑑
                    (6-5) 

where D is the aperture width and d is the outer diameter of the capillary tube absorber. The 

average heat flux of the evaporation section of the absorber can be calculated by Eq. (6-6): 

𝑞 =
𝐷×𝐼

𝜋×𝑑
= 𝐶𝑅 × 𝐼                   (6-6) 

where I is the solar irradiation intensity measured by a pyranometer. 

6.1.1 Numerical simulation and verification 
 

Numerical simulations are conducted using Ansys-Fluent for three-dimensional heat 

transfer of CPC-CSC. One of the CPC units is selected for computation. The geometry of the 

unit is 600 mm x 53 mm x 75 mm. The parameters specifying the CPC model are listed in 

Table 6-1 where the working fluid is set to be water. 

The solar collection process combines conduction, convection, and radiation heat transfer. 

Convective heat transfer occurs between the outer wall of the capillary tubes and the air layer. 

The water flow inside the tubes is regarded as a 3D, steady, constant-property, laminar flow. 

Considering the heat transfer process, governing equations are the following [108]: 

Conservation of mass: 

( ) 0div U =                                                              (6-7) 

Conservation of momentum: 

1
( ) ( )

p
div uU div vgradu

x


= −

                                                    (6-8) 

1
( ) ( )

p
div vU div vgradv

y


= −

                                                           (6-9) 

1
( ) ( )

p
div wU div vgradw

z


= −

                                                         (6-10) 

Conservation of energy for heat transfer of air and water flow: 

( ) ( )
p

div UT div gradT
c




=

                                                             (6-11) 

Conservation of energy for heat transfer in solid: 

2 2 2

2 2 2
0

T T T

x y z

  
+ + =

  
                                                                  (6-12) 

For the convection of air inside the collector, the Boussinesq assumption is taken to 

calculate the density. 
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( ) ( )a amb amb a amb   − = − −g T T g
                                                         (6-13) 

where a  is the air density, amb  is the density of ambient air at its temperature Tamb and a  is 

the thermal expansion coefficient of air.  

The boundary conditions for the domain are: 

Upper and lower surfaces at x-z plane y=0, HD: the convection boundary condition with 

air temperature given; 

Front and back end surfaces at x-y planes z=0, LD: adiabatic condition; 

Left and right surfaces at y-z planes x=0, WD: symmetrical boundary condition. 

The air inside the collector: The non-slip boundary conditions are applied to all solid-air 

interfaces. 

Water flow in capillary tubes: At the inlet: velocities u=uin, v=0, w=0; temperature T=Tin; 

at the outlet: partial unidirectional condition; The non-slip boundary condition is applied to the 

solid-water interface. 

Since the diameter of the copper capillary tubes is small compared with the size of CPCs 

and hence are regarded as a homogeneous body heat source. All the surface temperatures of 

solid components are obtained from the coupled numerical simulations of air convection inside 

the collector, water flowing inside the capillary tubes and heat conduction in the solids. 

To verify the model and numerical simulation, a set of experiments was conducted in 

Beijing, China. The working conditions of the experiments are listed in Table 6-2. The 

measurements were conducted, and the experimental data were processed according to Chinese 

standards for the test methods of solar collectors GB/T 4271-2007. The experimental results 

show good agreement with simulation results [108]. Therefore, the simulated results are used 

to establish the module in TRNSYS. 

 

6.1.2 Empirical formula and module in TRNSYS 
 

The CPC-CSC works to concentrate solar incidence to the capillary tube and transfer solar 

energy into thermal energy. The thermal energy obtained by CPC-CSC, QSC, can be expressed 

as Eq. (6-14): 

QSC = IA - Qloss,sc = cm(Tout - Tin)               (6-14) 

where I is the global solar irradiance on the tilted surface, A is the collector area, m is the mass 

flow rate, c is the specific heat of the working fluid, Tin and Tout are the temperatures of the 

working fluid at the inlet and outlet of CPC-CSC. Qloss,sc is the heat loss from the solar collector 
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to ambient air. Following Dickes et al. [258], the heat loss from the CPC-CSC per meter (along 

the length), Qloss, is calculated by Eq. (6-15): 

Qloss = c0 + c1(Tsc - Tamb) + c2(Tsc - Tamb)
2 + c3Tsc

3 + I(c4√𝑣𝑎+ c5Tsc
2) + va[c6 + c7(Tsc - 

Tamb)] + √𝑣𝑎[c8 + c9(Tsc - Tamb)]                  (6-15) 

where Tamb is the temperature of ambient air, and va is the wind speed. Tsc is the surface 

temperature of CPC-CSC, calculated by Eq. (6-16): 

TSC = (Tin + Tout)/2                 (6-16) 

According to the standards of system control, the inlet water temperature of CPC-CSC 

ranges from -5 to 80 oC. Therefore, the parameters given in Table 6-3 are selected for numerical 

simulation. The mass flow rate of water is set at 0.23 kg/h, i.e. 7.23 kg/h-m2. 

The simulated results are divided into a training group (75%) and a test group (25%) to 

train the empirical formula and avoid overfitting. The formula obtained from the training group 

is Eq. (6-17): 

Qloss = 0.1458(Tsc - Tamb) + 2.3843×10-4(Tsc - Tamb)
2 – 5.8303×10-6Tsc

3 + I(0.0013√𝑣𝑎+ 

8.1302×10-7Tsc
2) + va[-0.088 + 5.2377×10-4(Tsc - Tamb)] + √𝑣𝑎[0.422 – 0.0104(Tsc - 

Tamb)]                                         (6-17) 
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Table 6-1: Parameters for the CPC-CSC model [108] 

Material Thickness 

(mm) 

Thermal conductivity 

(W/m-K) 

Density 

(kg/m3) 

Specific heat 

(J/kg-K) 

Thermal expansion 

coefficient (/K) 

Viscosity 

(kg/m-s) 

Glass 4 0.76 2500 790 - - 

Air - 0.0267 1.225 1005 0.0033 0.00001

7894 

Water - 0.6 998.2 4182 - 0.00100

3 

CPC material (ABS plastic) 1 0.25 1050 1591 - - 

Thermal insulation material 10 0.034 54 1500 - - 

Capillary tube material (copper) 1 387.6 8978 381 - - 

 

Table 6-2: Environmental conditions of the experiments [108] 

 Solar radiation intensity (W/m2) Ambient temperature (K) Air velocity (m/s) Date of experiments 

Set 1 290-1000 288-291 1-2 10. Oct. 2016-20 Nov. 2016 

Set 2 920-1000 289-293 1-2 5 Apr. 2016-10 May 2017 

 

Table 6-3: Weather parameters for numerical simulation 

Parameters Values 

Solar irradiance on the tilted surface, W/m2 100, 400, 700, 1000 

Air velocity, m/s 0, 3, 6, 9, 12, 15, 18, 21, 24 
Inlet water temperature of solar collector, oC 0, 25, 50, 75 
Ambient air temperature, oC 0, 10, 20 
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The R2 of the training group is 0.9903  and that of the test group is 0.9915. This suggests 

the reliability of the empirical correlation. Based on Eqs. (13) and (16), the CPC-CSC module 

is established in TRNSYS and is named Type 219. The flow chart for the operation of the CPC-

CSC module is shown in Fig. 6-2. 

 

Fig. 6-2: Flow chart for the operation of the CPC-CSC module 

 

6.2 Results and discussion 
 

Numerical simulations for SAASHP using CPC-CSC have been conducted. The obtained 

results are compared with those of the SAASHP using FPC to understand the advantages of 

CPC-CSC. The effects of the collector area of CPC-CSC on system performance are analysed. 

6.2.1 Comparison of systems using different collectors 
 

In this section, the performance of a system using a CPC-CSC of 18 m2 is compared with 

that of a system using an FPC of 18 m2. Fig. 6-3 shows the variation of indoor air temperature 
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and hot water supply temperature of systems using different solar collectors in the heating 

season. CPC-CSC can realise high temperature and collector efficiency since the capillary tube 

reduces the surface area for heat transfer and thus the heat loss from the surface. In addition, 

horizontal CPC separates the air layer which reduces the convective heat transfer caused by 

gravity. In non-heating periods, it is more often for the system using CPC-CSC to obtain a 

higher THWS since CPC-CSC can have a better collection efficiency at higher water 

temperatures. In heating periods, the THWS of the system using CPC-CSC shows less variation 

than that of the system using FPC. This suggests that the high collector efficiency of CPC-CSC 

benefits the response speed of the SAASHP to water draw. 

 

 

 

Fig. 6-3: Variations of room air temperature and hot water temperature at the outlet of TES 

tank 2 over a heating season. 

 

Fig. 6-4 shows the daily variation of heat provision for HW and SH over a heating season. 

The columns are stacked to represent total heat provision. Since the systems work shares the 

same working conditions, the heat provision is generally similar. Sometimes, for example, on 

the 304th day, the QSH of the system using CPC-CSC can be much smaller. This situation results 

from the TES of the building structure and the high THWS.   
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Fig. 6-4: Daily variations of heat for space heating and hot water over a heating season 

Fig. 6-5 shows the heat provision from  ASHP, SWHP and direct solar hot water (SHW) 

over a heating season. The columns are stacked to represent the total daily heat provision. Using 

CPC-CSC, heat provision by ASHP, SWHP and direct SHW is 6.4 MWh, 1.9 MWh and 1.7 

MWh; that for the system using FPC is 6.6 MWh, 2.3 MWh, and 1.2 MWh. The results are 

also summarised in Table 6-4. Compared with the system using FPC, the heat provision from 

SWHP is significantly reduced by 17.4% using CPC-CSC and the heat provision by ASHP is 

slightly reduced by 3.0%.  Since CPC-CSC can help to obtain higher water storage temperature, 

more stored hot water in TES tank 1 can be directly used for end use. Using CPC-CSC can 

increase heat provision by direct SHW by 41.7%.  

 

Fig. 6-5: Daily variations of heat for space heating and hot water by direct SHW, ASHP and 

SWHP over a heating season  
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Fig. 6-6 shows the daily electricity consumption of ASHP, SWHP and pumps. The 

columns are stacked to represent the total daily electricity consumption. The electricity 

consumptions by ASHP, SWHP and pumps in the system using CPC-CSC are 1.69 MWh, 0.37 

MWh and 0.28 MWh; those for the system using FPC are 1.74 MWh, 0.45 MWh and 0.30 

MWh. The results are also summarised in Table 6-4. Using CPC-CSC can reduce electricity 

consumption from all three terms. Since the requirements of pumps to assist SWHP is reduced, 

though heat provision by SHW is increased, electricity consumption from pumps is reduced in 

the system using CPC-CSC. Overall, compared with the heating system using FPC, the heating 

system using CPC-CSC can save electricity consumption by 6.1% per year. 

 

 

Fig. 6-6: Daily variations of electricity consumed by ASHP, SWHP and SHW over a heating 

season  

 

Fig. 6-7 shows the daily variations of solar energy used. Systems using CPC-CSC can 

make use of more solar energy than the system using FPC. In detail, more solar energy is used 

by SHW. Since CPC-CSC can help to obtain higher water storage temperature, more stored 

hot water in TES tank 1 can be directly used for end use. The yearly solar energy used by the 

system using CPC-CSC is 6.5% higher than that of the system using FPC. 



 152 

 

Fig. 6-7: Daily variations of thermal energy extracted from solar energy either used as the 

heat source for SWHP or directly for hot water (SHW) over a heating season 

 

Fig. 6-8 shows the daily variation of thermal energy charged (positive) and discharged 

(negative) in TES tank 2 over a heating season. It can be observed that the heating system using 

CPC-CSC has a larger capacity of QTES charged in and discharged from TES tank 2. 

Furthermore, the higher charge and discharge capacities of the TES tank 2 in the system using 

CPC-CSC reduce the variation frequency of QTES. 

 

 

Fig. 6-8: Daily variations of QTES charged (positive) and discharged (negative) over a heating 

season 
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Fig. 6-9 shows the variations of COPASHP and COP SWHP over a heating season. The 

average COPASHP and COP SWHP are 3.5 and 5.1 in the system using CPC-CSC and those in the 

system using FPC are 3.5 and 5.0. Using CPC-CSC leads to high water storage temperature in 

TES tank 1 and thus ASHP only needs to work at higher Tamb. However, the system using CPC-

CSC is easy to have a higher condensing temperature for ASHP and thus average COPASHPs 

are the same for both systems. At higher water storage temperature in TES tank 1, thermal 

energy is provided by SHW directly. Operation of SWHP at higher efficiency is avoided in the 

system using CPC-CSC. Thus, for both systems, COPSWHP shows a similar range.  

 

 

Fig. 6-9: Variations of daily averaged COP of the HPs over a heating season 

 

Fig. 6-10 shows the variations of SPF over a heating season. The SPFASHP and SPF SWHP 

are 3.8 and 5.2 in the system using CPC-CSC and those in the system using FPC are 3.8 and 

5.1. In most cases, the heating system using CPC-CSC has higher SPFASHP and SPFSWHP than 

the heating system using FPC. Sometimes, the system using CPC-CSC has a lower value, such 

as on the 316th day (for SPFASHP) and 383rd day (for SPFSWHP). In the case of low SPFSWHP for 

the system using CPC-CSC, the water storage temperature in TES tank 1 still meet the 

operation requirement while that in the system using FPC is low for SWHP operation and 

ASHP works. Therefore, even though the system using CPC-CSC has a low SPFSWHP, the 

operation of ASHP is avoided. The overall system efficiency is improved. The heating system 

using CPC-CSC has a yearly SPFsys of 4.7 while the heating system using FPC has a yearly 
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SPFsys of just 4.4. In heating periods, the SPFsys of the heating system using CPC-CSC is more 

even than that of the heating system using FPC since the system using CPC-CSC relies more 

on stored solar energy in a stable range. 

 

 

Fig. 6-10: Daily variations of SPFsys and SPFHP over a heating season 

 

6.2.2  Comparison of systems using concentrators of different areas 
 

The operation performance of the system using CPC-CSC of different areas is compared 

over a heating season. Fig. 6-11 shows the variations of heat provision for space heating and 

hot water. It can be seen that heat provision for end use is merely influenced by the collector 

area since the working conditions are the same and the ASHP can work to compensate for the 

shortage of solar collection. 
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Fig. 6-11: Daily variations of heat for space heating and hot water over a heating season 

 

Fig. 6-12 shows the variations of heat provision from ASHP, SWHP and direct SHW. The 

columns are stacked to represent the total daily heat provision. The heat provisions from ASHP, 

SWHP and direct SHW are 7.9 MWh, 1.8 MWh and 0.4 MWh when the collector area is 6 m2; 

7.0 MWh, 1.9 MWh and 1.1 MWh when the collector area is 12 m2; and 6.4MWh, 1.9 MWh 

and 1.6 MWh when collector area is 18 m2. The results are also summarised in Table 6-4. As 

the collector area decreases from 18 m2 to 6 m2, the heat provision by ASHP increases by 23.7% 

and that by SHW decreases by 46%. At the same time, the heat provision from SWHP slightly 

decreases by 5.3%. During the non-heating periods, using a collector area of 6 m2 requires 

SWHP, even ASHP, for HW while a collector area of 12 m2 seems sufficient to ensure direct 

SHW to provide the majority of heat provision. 



 156 

 

Fig. 6-12: Daily variations of heat for space heating and hot water by direct SHW, ASHP and 

SWHP over a heating season 

 

Fig. 6-13 shows the variations of electricity consumption by ASHP, SWHP and pumps. 

The columns are stacked to represent the total daily electricity consumption. The electricity 

consumed by ASHP, SWHP and pumps are 2.08 MWh, 0.37 MWh and 0.30 MWh when the 

collector area is 6 m2; 1.84 MWh, 0.37 MWh and 0.29 MWh when the collector area is 12 m2; 

and 1.69 MWh, 0.37 MWh and 0.28 MWh when collector area is 18 m2. The results are also 

summarised in Table 6-4. It can be seen that the collector area has a mere influence on 

electricity consumption by SWHP. In terms of ASHP and pumps, a decrease in collector area 

brings more electricity consumption. As collector area decreases, though heat provision from 

direct SHW decreases, pumps need more frequent for solar collection and thus consume more 

electricity. 
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Fig. 6-13: Daily variations of electricity consumed by ASHP, SWHP and pumps over a 

heating season 

Fig. 6-14 shows the variations of thermal energy absorbed from solar energy. A larger 

collector area brings more total thermal energy absorbed from solar energy and more solar 

energy used by SHW. In non-heating periods, a system with a smaller collector area has fewer 

variations of total absorbed solar energy.  

 

Fig. 6-14: Daily variations of thermal energy extracted from solar energy either used as the 

heat source for SWHP or directly for hot water (SHW) over a heating season 
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Fig. 6-15 shows the variations of QTES charged (positive) and discharged (negative) of 

TES tank 2 over a heating season. A smaller collector area leads to less solar energy collection 

and thus less thermal energy stored in TES tank 1. Therefore, the capacity of QTES charged in 

and discharged from TES tank 2 decreases relatively as the collector area decreases.  

 

 

Fig. 6-15: Daily variations of QTES charged (positive) and discharged (negative) over a 

heating season 

 

Fig. 6-16 shows the variations of daily COPASHP and COPSWHP over a heating season. The 

average daily COPASHP is 3.5 for different collector areas while the average daily COPSWHP is 

4.8, 5.0 and 5.1 for collector areas of 6 m2, 12 m2 and 18 m2. Most time, the COPASHP is almost 

the same for different collector areas; in late heating periods,  the COPASHP increases as the 

collector area decreases. This is because for a larger collector area, the water temperature in 

TES tank 1 is higher and ASHP only needs to work at a higher ambient temperature while the 

condensing temperature is also higher, limiting the efficiency of ASHP, especially in late 

heating periods. COPSWHP generally increases as the collector area increases due to a large 

increase in the temperature of the heat source. For a system using CPC-CSC of 6 m2, both 

ASHP and SWHP are more frequently used, even in non-heating periods. 
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Fig. 6-16: Daily variations of averaged COP of the HPs over a heating season 

 

Fig. 6-17 shows the variation of SPF of the heating system using CPC-CSC of different 

areas over a heating season. The SPFASHP is 3.8 for different collector areas while the SPFSWHP 

is 4.9, 5.2 and 5.2 for collector areas of 6, 12 and 18 m2. The seasonal SPFsys are 3.6, 3.9 and 

4.2 for collector areas of 6, 12 and 18 m2. It can be seen that most time, the SPFsys for the 

system using different collector areas are generally the same. In the late heating period (since 

the 412th day), the SPFsys show an apparent difference in that the system with CPC-CSC of the 

larger area has a larger SPFsys. This is because as solar availability increases, for larger collector 

areas, more heating is provided by direct SHW and SWHP and the efficiency of SWHP 

increases as well.   
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Fig. 6-17: Daily variations of SPFsys and SPFHP over a heating season 

 

6.2.3  Influences of collector areas on operation performances 
 

The effect of collector area on the yearly operation performance of the heating system is 

analysed for collector areas of 6, 9, 12, 15 and 18 m2. Fig. 6-18 shows the variation of yearly 

heat provision by ASHP, SWHP and SHW of the heating system using CPC-CSC. As the 

collector area decreases, the heat provision by SWHP is merely changed while that by ASHP 

increases and that by SHW decreases. As the collector area decreases from 18 m2 to 6 m2, the 

heat provision by ASHP is increased by 23.7% and that by SHW is decreased by 46.0%. 
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Fig. 6-18: Variations of heat for space heating and hot water by SWHP, ASHP and direct 

SHW 

 

Fig. 6-19 shows the variations in electricity consumption by ASHP, SWHP and pumps. 

As the collector area decreases from 18 m2 to 6 m2, electricity consumed by ASHP is increased, 

by 23.0 %. Electricity consumption by pumps is slightly increased, by 8.1% because pumps 

need to work more frequently to compensate for the low collection capacity of small solar 

collectors. Electricity consumed by SWHP is merely changed. 

 

 

Fig. 6-19: Variations of electricity consumed by SWHP and ASHP and the total electricity 

consumed by the heating system 
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Fig. 6-20 shows the variations of thermal energy collected from solar energy and ambient 

air. As the collector area decreases from 18 m2 to 6 m2, thermal energy obtained from the air 

is increased by 23.9%. At the same time, thermal energy obtained from solar energy is 

decreased by 33.8%. The total thermal energy obtained from clean energy is reduced by 5.8%. 

Both curves change quickly at low collector areas and then slowly at high collector areas. This 

suggests that the influence of collector area on system performance tends to be insignificant at 

large collector areas. 

 

 

Fig. 6-20: Variation of thermal energy (Q) extracted from solar energy and ambient air 

 

Fig. 6-21 shows the variations of solar fraction over a year and over a heating season. 

With the decrease of collector area from 18 m2 to 6 m2, seasonal SF decreases from 32.7% to 

18.9%; yearly SF decreases from 42% to 28.1%. The decrease in SF is more significant as the 

collector area decreases from 9 m2 to 6 m2, from 23.5% to 18.9% and 33.3% to 28.1% for 

seasonal and yearly SF, respectively. 
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Fig. 6-21: Variations of yearly and seasonally SF 

 

Fig. 6-22 shows the variation of yearly averaged COPASHP and COP SWHP of the heating 

system using CPC-CSC. The COPASHP is almost the same for different collector areas, at 

around 3.5. COPSWHP is generally around 5.0 but shows a slightly decreasing trend as the 

collector area decreases. Especially, as the collector area decreases from 9 m2 to 6 m2, COPSWHP 

is decreased by 4.0% while as the collector area decreases from 18 m2 to 6 m2, COPSWHP is 

decreased by 5.9%. 

 

 

Fig. 6-22: Averaged COP of SWHP and ASHP 
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Fig. 6-23 shows the variations of SPF of the heating system using CPC-CSC. SPFASHP 

remains consistent for different collector areas, at around 3.8.  SPFSWHP keeps even at collector 

area no smaller than 9 m2, at around 5.2. As the collector area decreases from 9 m2 to 6 m2, 

SPFSWHP decreases by 5.8%. As the collector area decreases from 18 m2 to 6 m2, seasonal and 

yearly SPFsys decrease by 14.3% and 14.9%. 

 

 

Fig. 6-23: Variations of yearly and seasonally SPFHP and SPFsys 

 

Details for the operation performance of the SAASHP using CPC-CSC of different areas 

are listed in Table 6-4. For comparison, the performance of SAASHP using an FPC of 18 m2 

is also included. It can be seen that, at the same collector area, the yearly solar energy used by 

the system using CPC-CSC is 6.5% higher than that of the system using FPC. For almost the 

same SPFsys, the area of the CPC-CSC required is 12 m2 while the area required for the FPC is 

18 m2, reduced by one third. These benefits reduce the scale of SAASHP and promote its 

popularity. 
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Table 6-4: Overall operation performance of the IX-SAASHPs using CPC-CSC 

System Period Using CPC-CSC Using FPC 

6 9 12 15 18 18 

Heat provision 

(kWh) 

HW Heating season 2238.7 2238.1 2238.0 2237.9 2237.9 2237.7 

 Non-heating season 1427.6 1427.5 1427.3 1427.2 1427.2 1427.5 

SH  7523.9 7522.9 7524.5 7521.6 7520.3 7527.9 

Total  11190.1 11188.5 11189.8 11186.7 11185.4 11193.1 

Heat provision  

(kWh) 

SWHP  1802.8 1874.3 1886.7 1881.5 1903.8 2289.1 

ASHP  7942.8 7393.4 6990.3 6679.9 6419.6 6586.6 

Solar Heating season 403.9 781.9 1134.2 1423.2 1649.7 1187.6 

Non-heating season 1299.2 1415.2 1464.9 1494.8 1511.1 1409.4 

Electricity 

consumption 

(kWh) 

SWHP 365.1 362.4 365.5 364.7 366.2 449.2 

ASHP  2083.5 1944.6 1841.3 1757.8 1692.3 1737.7 

Water pumps Heating season 300.8 293.0 286.7 280.3 275.7 295.0 

 Non-heating season 34.1 35.8 35.5 34.3 34.0 40.7 

Total  2783.4 2635.8 2529.0 2437.0 2368.1 2522.6 

SPFHP SWHP  4.9 5.2 5.2 5.2 5.2 5.1 

ASHP  3.8 3.8 3.8 3.8 3.8 3.8 

COPave SWHP  4.8 5.0 5.0 5.1 5.1 5.0 

ASHP  3.5 3.5 3.5 3.5 3.5 3.5 

Solar thermal 

energy (kWh) 

To SWHP  1437.7 1512.0 1521.1 1516.9 1537.6 1839.9 

To end use Heating season 403.9 781.9 1134.2 1423.2 1649.7 1187.6 

 Non-heating season 1299.2 1415.2 1464.9 1494.8 1511.1 1409.4 

Total  3317.8 3939.4 4376.8 4719.4 5013.5 4706.7 

Thermal energy from ambient air (kWh) 5859.3 5448.8 5149.0 4922.1 4727.3 4848.9 

SF Heating season 18.9% 23.5% 27.2% 30.1% 32.7% 31.0% 

 Yearly  28.1% 33.2% 36.8% 39.6% 42.0% 39.6% 

SPFsys Heating season 3.6 3.8 3.9 4.1 4.2 3.9 

 Yearly 4.0 4.2 4.4 4.6 4.7 4.4 
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6.3 Economic Analyses 
 

To evaluate and compare the economic performance of IX-SAASHPs, economic analyses 

are conducted for IX-SAASHPs using CPC-CSC of different areas and FPC, electric water 

heater and gas boiler, as well as electric heater and gas boiler boosted SHW systems.  

For economic analyses, the total energy consumption of the heating systems, Qtot, is 

calculated by Eq. (6-18): 

Qtot = (Qsh + Qhw - Qce)/ƞ                                                                                              (6-18) 

where Qce is the clean energy (extracted from solar and ambient air sources) used by the heating 

system and ƞ is the efficiency of the electric water heater and gas boiler. 

The payback period, Ppb, is defined based on the electric water heater by Eq. (6-19): 

Ppb = Ci / Cspy                                     (6-19) 

where Ci is the initial cost difference and Cspy is the cost saving per year calculated by Eq. (6-

20) and Eq. (6-21), respectively. 

Ci=Ci0-Cieh                 (6-20) 

Cspy=Co0-Coeh                 (6-21) 

where Ci0 and Co0 are the initial and operation costs of the heating system, respectively, Cieh 

and Coeh are the initial and operation costs of the electric water heater. 

The efficiencies of the electric water heater and gas boiler are taken from [161] to be 0.95 

and 0.85, respectively. The electric water heater and gas boiler have a TES tank of 300 L. For 

the SHW systems, the sizes of the solar collector and outdoor TES tank are taken to be the 

same as those of the dual-source IX-SAASHP and therefore both systems have the same 

amount of solar thermal energy collected i.e. ca. 4.71 MWh. The heat provisions of the three 

heating systems for SH and HW over the year is ca. 11.19 MWh.  

 The current energy prices are taken from E.On Energy (a UK energy supplier) to be 

£400.2 per MWh for electricity and £ 106.8 per MWh for gas (prices in June 2022) [255]. The 

prices of the components of the heating systems are obtained from an online market where the 

flat plate solar collector price is around £30 per m2, the water tank price is £290 per 100 L, and 

a pump with a head of 15 m and a capacity of 15 L/min is around £10 [256]. Since CPC-CSC 

is a novel collector in research and development status, the price of ETC is adopted to assume 

CPC-CSC price after commercialisation, £40 per m2. All the heating systems have a capacity 

of 8 kW. . The systems are estimated to be easy to connect to the current space heating and 

water heater. The installation costs are assumed to be 3 hours for the SHW system and 6 hours 
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for SAASHPs with a cost of 80 per hour [257]. The shipping fees for international shipping are 

not included in the current economic analysis. 

The economic analyses for different CPC-CSC areas in 2022 are displayed in Table 6-5. 

It can be seen that, though the unit price of FPC is assumed to be 25% cheaper than that of 

CPC-CSC, at the current electricity price, the SAASHP heating system using CPC-CSC can 

have a 1.1 % shorter payback period than the SAASHP heating system using FPC of the same 

SPFsys. For CPC-CSC of different areas, SPFsys and the payback period decrease as the 

collector area decrease. As the collector area decreases from 18 m2 to 6 m2, the payback period 

decreases by 6.3%. According to both system performance and economic analyses, for 

domestic heating of an SFH 45 building in London, it is the potential to reduce the required 

size of CPC-CSC to 9 m2 or even less. Since solar collectors with a smaller size can much more 

easily be adapted for domestic use, using CPC-CSC benefits the wide rollout of SAASHP 

heating systems for domestic heating. 
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Table 6-5: Economic analysis for electric heater, direct SHW and SAASHP heating systems based on the energy prices in June, 2022 

 Electric 

water 

heater 

Gas  

boiler 

Electric 

heater 

boosted 

SHW 

Gas 

boiler 

boosted 

SHW 

SAASHP 

(FPC) 

SAASHP (CPC-CSC) 

Collector area - - 18 18 18 6 9 12 15 18 

Heat provision per year, 

MWh 

11.19 11.19 11.19 11.19 11.19 11.19 11.19 11.19 11.19 11.19 

Efficiency/performance 0.95 0.85 0.95 0.85 SPF=4.4 SPF=4.0 SPF=4.2 SPF=4.4 SPF=4.6 SPF=4.7 

Energy consumption per 

year, MWh 

11.8 13.2 7.2 8.0 2.2 2.5 2.4 2.2 2.1 2.1 

Initial 

cost, £ 

collector 0 0 540 540 540 240 360 480 600 720 

tanks 870 870 2320 2320 2320 2320 2320 2320 2320 2320 

Heater/HP 60 15 60 15 1085 1085 1085 1085 1085 1085 

pumps 0 0 20 20 30 30 30 30 30 30 

Installation 0 0 240 240 480 480 480 480 480 480 

total 930 885 3180 3135 4455 4155 4275 4395 4515 4635 

Operation cost, £ 4714.3 1406.5 2881.7 854.7 897.8 999.6 946.3 897.8 853.5 832.8 

Cost saving per year, £ - 3307.8 1832.6 3859.6 3816.5 3714.7 3768.0 3816.5 3860.8 3881.5 

Payback period, year - - 1.23 0.57 0.92 0.87 0.89 0.91 0.93 0.95 
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6.4 Summary 

In this chapter, the solar assisted air source heat pump heating system integrating 

compound parabolic concentrator-capillary tube solar collector has been modelled and 

numerically simulated. The operation performance of this heating system is compared with that 

of the heating system using a flat plate collector. The effect of the solar collector size on the 

operation performance and economics of the heating system has been analysed. The following 

conclusions can be drawn: 

1. For the same SPFsys, the size of the CPC-CSC required is 12 m2 whereas the size of the 

FPC required is 18 m2, leading to one third reduction in solar collector size. 

2. For the heating systems using the same size solar collector of 18 m2, the CPC-CSC 

increases the utilisation of solar energy by 6.5%, reduces the electricity consumption by 

6.1% and hence increases SPFsys by 6.8%, compared with the FPC. The system using CPC-

CSC achieves an SPF of 4.7 in London weather conditions. 

3. As collector size decreases, both SPFsys and the payback period decreases. As the collector 

area decreases from 18 m2 to 6 m2, seasonal and yearly SPFsys decrease by 14.3% and 14.9% 

while the payback period decreases by 6.3%. Considering both thermal and economic 

performances, the size of the concentrated solar collector could potentially be reduced to 9 

m2 or less.  

4. As the collector area decreases from 18 m2 to 6 m2, the heat provision by ASHP increases 

by 23.7% and that by SHW decreases by 46%, and the electricity consumed by ASHP and 

the pumps increases by 23 % and 8.1%. For SWHP, the heat provision slightly decreases 

by 5.3% and the electricity consumption is merely influenced. 
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7. Conclusions and future work 
 

In this study, simulation models of serial, parallel and dual-source solar assisted air source 

heat pumps are established in TRNSYS. The SAASHP systems are adopted to provide space 

heating and hot water for SFH 45 building. Operation performances and economic efficiencies 

are investigated to evaluate the potential to utilise SAASHP in the UK. The influence of the 

heating temperatures is numerically investigated. A compound parabolic concentrator-

capillary tube solar collector is used to enhance the solar collection and thus the operation 

efficiency of the SAASHP systems. The outcomes of this study are concluded below. 

7.1 Conclusion 
 

According to the simulation results, the application performances of SAASHP in the UK 

can be summarised as: 

1.  All three IX-SAASHPs can achieve a yearly SPFsys higher than 4.4, suggesting their 

potential to be applied for domestic heating under weather conditions in high latitude 

regions.  

2. The heat provision of the serial IX-SAASHP is limited by the availability of solar irradiance. 

Since solar energy is the sole heat source of the serial system, it requires large sizes of solar 

collectors and TES tanks, resulting in high installation costs and a longer payback period.  

3. The parallel IX-SAASHP has the simplest pipe connection and control function. It shows 

the highest SPFsys and the most stable operation performance, as well as the lowest payback 

period, 0.72 years.  

4. The dual-source IX-SAASHP shows a much lower cost than the serial system and similar 

operation performance to the parallel system. the dual-source IX-SAASHP has a payback 

period of 0.92 years. It is also an attractive alternative to gas boilers and gas boosted SHW 

systems. 

5. Low temperature heating can significantly reduce electricity consumption. For the heating 

system, with the decrease of the set hot-water-supply temperature from 55 oC to 40 oC, the 

yearly electricity consumption decreases by 19.1% in London, 14.9% in Aughton, and 13.3% 

in Aberdeen, respectively. 

6. Low temperature heating increases thermal energy collection from both solar energy and 

ambient air, and hence COP largely increases. With the decrease of the set hot-water-supply 

temperature from 55 oC to 40 oC, the COP of SWHP increases from 4.8 to 5.6 in London, 
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from 5.0 to 5.6 in Aughton; and from 4.7 to 5.4 in Aberdeen, respectively, while the COP 

of ASHP increases from 3.3 to 3.8 in London; from 3.2 to 3.8 in Aughton; and from 3.2 to 

3.6 in Aberdeen, respectively. 

7. Low temperature heating benefits by decreasing heat provision from ASHP and SWHP and 

increasing the heat provision from direct SHW, resulting in much better system efficiency. 

When the set hot-water-supply temperature decreases from 55 oC to 40 oC, the yearly SPFsys 

increases from 4.2 to 4.9 in London; from 4.2 to 5.0 in Aughton; and from 3.9 to 4.5 in 

Aberdeen, respectively. 

8. At the set hot-water-supply temperature of 40 oC, the heat provided by ASHP is about three 

times that by SWHP and about six times that by direct SHW, and the electricity consumed 

by ASHP is about four times that by SWHP and about five times that by pumps in the three 

locations. 

9. SF appears to be negligibly influenced by latitude and set hot-water-supply-temperature. 

For different set hot-water-supply-temperature, SF is 40% in London, 42% in Aughton, and 

37% in Aberdeen. 

10. The payback periods slightly decrease as the set hot-water-supply temperature decreases. 

With the decrease of the set hot-water-supply-temperature from 55 oC to 40 oC, for the 

electricity price in April 2022, the payback periods decrease from 1.01 years to 0.95 years 

in London, from 0.98 years to 0.94 years in Aughton, and from 0.81 years to 0.78 years in 

Aberdeen. 

11. For the same SPFsys, the size of the CPC-CSC required is 12 m2 whereas the size of the 

FPC required is 18 m2, leading to one third reduction in solar collector size. 

12. For the heating systems using the same size solar collector of 18 m2, the CPC-CSC 

increases the utilisation of solar energy by 6.5%, reduces the electricity consumption by 

6.1% and hence increases SPFsys by 6.8%, compared with the FPC. 

13. As collector size decreases, both SPFsys and the payback period decreases. As the collector 

area decreases from 18 m2 to 6 m2, seasonal and yearly SPFsys decrease by 14.3% and 14.9% 

while the payback period decreases by 6.3%. Considering both thermal and economic 

performances, the size of the concentrated solar collector could potentially be reduced to 9 

m2 or less.  

14. As the collector area decreases from 18 m2 to 6 m2, the heat provision by ASHP increases 

by 23.7% and that by SHW decreases by 46%, and the electricity consumed by ASHP and 

the pumps increases by 23 % and 8.1%. For SWHP, the heat provision slightly decreases 

by 5.3% and the electricity consumption is merely influenced. 
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7.2 Future work 
 

1. Due to the lockdown for COVID-19, a corresponding experimental investigation was not 

conducted. In the future, the test rig of the IX-SAASHP using CPC-CSC with low hot water 

supply temperature will be designed and established for domestic heating in London.  

2. The building model of the simulation will be improved from a model for typical reference 

buildings to a model for a real building whose parameters can be monitored. Then the 

experimental results obtained will be compared with the simulation results. 

3. The current economic analysis adopts quotations from the international market and the 

shipment fees are ignored. In the future, the economic analysis will be more accurate 

considering the domestic component market or the international shipping fees. 
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