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A B S T R A C T   

Reducing electricity consumption is of great importance by improving the operation performance of the heating 
systems based on solar-assisted air source heat pumps for domestic heating. The set hot-water-supply temper
ature of the heating system affect both the system operation performance and the indoor thermal comfort 
condition. 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 the locations of London, Aughton and 
Aberdeen in the UK over a year. The set hot-water-supply temperatures are taken to be 40 ◦C, 45 ◦C, 50 ◦C and 
55 ◦C. For the heating systems, with the decrease in set hot-water-supply temperature from 55 ◦C to 40 ◦C, the 
yearly seasonal performance factor increases by 16.7%, 19.1% and 15.4% in London, Aughton and Aberdeen, 
respectively. Consequently, the yearly total electricity consumption decreases by 19.1%, 14.9% and 13.3% in 
London, Aughton and Aberdeen, respectively. The results show that low temperature heating enables significant 
reduction in electricity consumption of such heating systems.   

1. Introduction 

In the UK, decarbonisation in domestic heating is an important 
approach to achieve the goal for net-zero emissions of greenhouse gases 
by 2050 (Committee on Climate Change, 2020). The operation perfor
mance of domestic heating systems can be affected by many factors, 
such as weather conditions, system scale and hot water supply temper
ature. According to the reports of the International Energy Agency, 
district heating is transforming from high-temperature heat distribution 
(3rd generation, above 70 ◦C) to low-temperature heat distribution (4th 
generation, 50–70 ◦C) and ultra-low-temperature district heating (5th 
generation, below 50 ◦C) (International Energy Agency, 2021). The 
transition to low temperature district heating can bring reductions in 
heat loss by 25 % (Nord et al., 2018) and cost by 10 % (Schmidt et al., 
2021). Golmohamadi and Larsen (Golmohamadi and Larsen, 2022) 
proposed a controller for low temperature district heating via the on/off 
control of domestic radiator valves and the mass flow rate control of 
valves in the mixing loop connected to the district heating network. This 
controller can respond to dynamic electricity price and benefit to adopt 
intermittent renewable energy into district heating. 

Some studies used booster heat pumps (HPs) to elevate the hot water 
temperature from the low temperature of the district heating to the 
temperature required for end users (Hesaraki et al., 2015). Yang et al. 
(Yang et al., 2016) simulated water thermal energy storage (TES) tank 
and heat pump systems for low temperature district heating and found 
that the micro heat pump has higher exergy efficiency. Reiners et al. 
(Reiners et al., 2021) experimentally studied the booster HP with low 
temperature heating. The results showed that the efficiency of the 
booster HP is twice of that of ground source heat pump. Quirosa et al. 
(Quirosa et al., 2022) numerically simulated two types of CO2 booster 
HPs connected to low temperature district heating network for space 
heating and hot water. They suggested that the booster heat pump with 
decoupled production better suits high heat demand. Zhu et al. (Zhu 
et al., 2021) reported experiments on steady-state behaviour of the 
booster HP for hot water in low temperature district heating network. 
The booster HP enables a coefficient of performance (COP) of 4.95 when 
the water temperatures at the inlets of both condenser and evaporator 
are 45 ◦C (water temperature of the district heating) and the condensing 
temperature is 60 ◦C. 

For individual buildings, the feasibility of low temperature space 
heating has been analysed and confirmed by Kilkis (Kilkis, 2021). Sarbu 

* Corresponding author at: School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, London E1 4NS, UK. 
E-mail address: h.s.wang@qmul.ac.uk (H.S. Wang).  

Contents lists available at ScienceDirect 

Solar Energy 

journal homepage: www.elsevier.com/locate/solener 

https://doi.org/10.1016/j.solener.2022.08.037 
Received 28 April 2022; Received in revised form 16 August 2022; Accepted 16 August 2022   

mailto:h.s.wang@qmul.ac.uk
www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2022.08.037
https://doi.org/10.1016/j.solener.2022.08.037
https://doi.org/10.1016/j.solener.2022.08.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2022.08.037&domain=pdf


Solar Energy 244 (2022) 134–154

135

and Sebarchievici (Sarbu and Sebarchievici, 2015) conducted numerical 
simulation and site measurements, and recommended radiator heating 
system for low temperature space heating. Solar energy is a kind of clean 
energy with great potential of applications (Kong et al., 2020) and can 
be combined with heating technologies for domestic use (Kong et al., 
2018). The combination of solar thermal energy and HP (Ma et al., 
2020), solar assisted air source heat pump (SAASHP), is expected to be a 

promising technology for a green future (Xian et al., 2020). Chaturvedi 
et al. (Chaturvedi et al., 2014) numerically simulated a direct expansion 
SAASHP for low temperature water heating and verified the advantages 
of SAASHP to be high efficiency and low cost. Fraga et al. (Fraga et al., 
2017) pointed out that low space heating distribution temperature 
benefits to achieve higher seasonal performance factor (SPF) of SAASHP. 

The dual-source indirect expansion SAASHP (IX-SAASHP) system 

Nomenclature 

Ci initial cost difference, GBP 
Ci0 initial cost of the studied system, GBP 
Cieh initial cost of the electrical water heater, GBP 
Co0 operation cost of the studied system, GBP 
Coeh operation cost of the electrical water heater, GBP 
COP coefficient of performance 
Cspy cost saving per year, GBP 
Ppb payback period, year 
QASHP, con thermal energy obtained at the condenser of air source 

heat pump, MWh 
QHP,con thermal energy obtained at the condenser of a heat pump, 

MWh 
QHW thermal energy for hot water, MWh 
QSH thermal energy for space heating, MWh 
Qsu solar energy used, MWh 
Qsup thermal energy supply, MWh 
QSWHP, con thermal energy obtained at the condenser of solar water 

heat pump, MWh 
QTES thermal energy storage, MWh 
I local solar irradiance for the tilted surface, W/m2 

SF solar fraction 
SPFHP seasonal performance factor of the heat pump 
SPFsys seasonal performance factor of the system 
Tamb ambient air temperature, oC 

Troom room air temperature, oC 
THWS hot-water-supply temperature (hot water temperature at 

the outlet of TES tank 2), oC 
THWS* set hot-water-supply temperature, oC 
WASHP electricity consumed by the air source heat pump, MWh 
WHP electricity consumed by a heat pump, MWh 
Wpump electricity consumed by all the pumps, MWh 
WSWHP electricity consumed by the solar water heat pump, MWh 
Wtot total electricity consumed, MWh 

Greek Letter 
ƞ efficiency of electric heater 

Abbreviation 
ASHP air source heat pump 
HP heat pump 
HW hot water 
IX-SAASHP indirect expansion solar-assisted air source heat pump 
SAASHP solar-assisted air source heat pump 
SFH single family house 
SH space heating 
SHW solar hot water 
SWHP heat pump used hot water from solar collector as heat 

source 
TES thermal energy storage 
TRNSYS TRaNsient SYstem Simulation program  

Fig. 1. Schematic and control flow chart of the heating system.  
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makes use of both solar thermal energy collected by solar collectors and 
thermal energy extracted from ambient air as the low temperature heat 
sources for the evaporator(s) of the HP unit (Ran et al., 2020). Though in 
previous studies, the COPs of most dual-source IX-SAASHPs were lower 
than 3.5 (Yang et al., 2021), the simulation results of Yang et al. (Yang 
et al., 2022) showed that, the dual-source IX-SAASHP can satisfy the 
heating demands under the UK weather conditions with a yearly SPF of 
4.4. Therefore, the dual-source IX-SAASHP is a competitive choice for 
domestic heating in the UK. 

Earlier studies investigated district heating with low temperature 
and showed higher operation performance and lower energy consump
tion. So far, few studies have been done for low temperature heating and 
its effect on the operation performance of IX-SAASHP based domestic 
heating systems. The present work aims at analysing the low tempera
ture heating of SAASHP heating system for a SFH 45 building in different 
locations of London (51.5◦ N), Aughton (53.5◦ N) and Aberdeen (57.5◦

N) in the UK. The set hot-water-supply temperature for hot water and 
space heating varies from 55 ◦C to 40 ◦C. A dual-source IX-SAASHP 
based heating system is employed for heat provision for space heating 
and hot water at a rate of 300 L/day over a typical meteorological year. 
The dynamic performance of the heating system is modelled and 
simulated using TRNSYS 17. Its COP and SPF are evaluated. The techno- 
economic analyses are performed based on the energy prices in the UK. 

2. Dual-source indirect expansion solar assisted air source heat 
pump 

The heating system and its performance evaluation are briefly 
described below. The heating system is used to evaluate the application 
performance of low temperature heating for SFH 45 in London, Aughton 
and Aberdeen. 

2.1. Description of the heating system 

The model of the dual-source IX-SAASHP is established in TRNSYS 
17. Water is adopted as the heat transfer and thermal energy storage 
medium. Two water tanks serve for TES: the outdoor tank stores thermal 
energy collected by the solar collector and the indoor tank stores ther
mal energy for demand side – space heating and/or hot water. This work 
investigates the operation performances of the dual-source IX-SAASHP 
with different set hot-water-supply temperatures (THWS*). In the 
TRNSYS model, a solar water heat pump (SWHP) module and an air 
source heat pump (ASHP) module together represent a dual-source heat 
pump unit. Refrigerants R134a and R410A are used as the working fluid 
for both SWHP and ASHP modules. 

Fig. 1 shows the schematic of the heating system. It consists of seven 
loops including a solar energy collection loop (black), a SWHP-ASHP 
unit (green), a hot water loop (blue) and a space heating loop (red). 
The solar collector extracts solar energy and heats up water which is 
stored in the TES tank 1. The hot water in TES tank 1 can be circulated by 
pump 2 to TES tank 2 if water temperature in TES tank 1 is higher. The 
SWHP-ASHP unit includes a water-to-refrigerant evaporator, an air-to- 
refrigerant evaporator, a refrigerant-to-water condenser, a compressor, 
and an expansion valve. When the unit operates in SWHP mode, the TES 
tank 1 works as the low temperature heat source and the TES tank 2 
works as the high temperature heat source. When the unit operates in 
ASHP mode, the outdoor air works as the low temperature heat source. 
When the heating system serves for hot water, the mains cold water 
flows in a heat exchanger inside the TES tank 2 and is heated to a 
required temperature. When the heating system serves for space heating, 
pump 4 circulates the hot water in TES tank 2 to the radiators. The in
door air temperature (Troom), outdoor air temperature (Tamb), local solar 
irradiance for the tilted surface (I) and water temperatures at some 
specific locations, e.g., the inlet and outlet of the solar collector (T1, T2), 
the outlet of TES tank 1 to load (T3) and TES tank 2 (hot-water-supply 
temperature, THWS), are measured and monitored. The water and air 

temperatures at the outlet of the evaporators (T4 and T5), the water 
temperatures at the inlet and outlet of the condenser (T6 and T7) and the 
temperature of the mains water supply (T8) are measured/monitored. 
These temperatures are used for the operation control of the heating 
system and analysis of the energy conversion. The details of the system 
operation control are given in a rule-based look-up table in (Yang et al., 
2022). 

2.2. Evaluation of performance 

The indoor air temperature, THWS, SPF of the system (SPFsys), SPF of 
the HP (SPFHP), COP of the HP module, and the solar fraction (SF) are 
used to evaluate the heating system performance. 

SPFsys =
∫
(QSH + QHW) × dt

∫
Wtot × dt

(1) 

where QSH is the heat provided for space heating, QHW is the heat 
provided for hot water, and Wtot is the total electricity consumption 
given by Eq. (2): 

Wtot = WHP +Wpump (2) 

where Wpump is the electricity consumption of all water pumps, WHP 
is the electricity consumption of the HP unit given by Eq. (3): 

WHP = jASHPWASHP + jSWHPWSWHP (3) 

where WASHP and WSWHP are the electricity consumed in the ASHP 
mode and SWHP mode, respectively, jASHP and jSWHP have values either 
1 or 0 representing on/off status of the ASHP mode and SWHP mode. 

SPFHP =

∫
QHP, con × dt
∫

WHP × dt
(4) 

where QHP,con is the heat transferred from the condenser to the TES 
tank 2 in the corresponding HP mode, calculated by Eq. (5): 

QHP,con = jASHPQASHP,con + jSWHPQSWHP,con (5) 

where QASHP, con and QSWHP, con are the values of heat transferred 

Table 1 
TRNSYS module for modelling the temperatures of house ground in London, 
Aughton and Aberdeen.  

Parameter Value 
London Aughton Aberdeen 

Mean surface Temperature, oC 10.78 10.04 7.84 
Amplitude of surface temperature, oC 18.04 14.61 16.17 
Time shift 12th day 359th day 359th day  

Table 2 
Weather conditions in London, Aughton and Aberdeen during the heating 
season.   

London Aughton Aberdeen 

Latitude 51.5◦ N 53.5◦ N 57.5◦ 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  
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from the condenser to the TES tank 2 in the ASHP mode and SWHP 
mode, respectively. 

COP = QHP,con/WHP (6) 

The SF is calculated by Eq.(7): 

SF = 1 −
∫
(QASHP, con + WSWHP) × dt

∫
(QHW+QSH) × dt

(7)  

3. Working conditions 

The heating system works for space heating and hot water for a 
single-family house (SFH) 45 building (Dott et al., 2013). The working 
conditions including heat demand and operation temperatures are 
briefly introduced in this section. 

3.1. Reference building and heat demand 

The standard SFH 45 building of 140 m2 is used as the reference 
building. The geometry, dimensions and other parameters are intro
duced in (Dott et al., 2013). The ground temperature module in TRNSYS, 
Type 501, is used to simulate temperature of the building ground at the 
depth of 0.445 m. Table 1 lists the parameters for model of ground 
temperatures. Table 2 lists the weather conditions during the heating 
season. The collector inclination angle at each location is set to be equal 
to the latitude for maximising solar energy reaching to the collector 
surface. It is noticed that though Aberdeen has the lowest sky cover rate 
and highest average solar irradiation intensity (daytime), Aberdeen has 
the shortest day time due to the highest latitude. Overall, Aughton has 
the highest solar energy availability, followed by London and Aberdeen. 
Fig. 2 displays the hourly cooling (positive) and heating (negative) loads 
of the house SFH 45 at the room air temperature Troom of 20 ◦C over a 
typical year of weather conditions in London, Aughton and Aberdeen. 

Fig. 2. Hourly cooling (positive) and heating (negative) loads of the house SFH 45 at room air temperature Troom of 20 ◦C over a typical year of weather conditions in 
London, Aughton and Aberdeen. 

Fig. 3. Schematic of the heating periods for the heating systems under the weather conditions in London, Aughton and Aberdeen.  
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The peak heating loads are 3.53 kW, 3.63 kW and 4.15 kW while the 
average heating loads are 1.76 kW, 1.73 kW and 2.03 kW in London, 
Aughton and Aberdeen, respectively. The peak heating load in London is 
seen to be similar to that in Aughton whereas the heating load in 
Aughton shows less variation than that in London. In Aberdeen, the 
heating load is generally higher than those in London and Aughton. 

For the SFH 45 building, the space heating period is recommended to 
be the days when the average outdoor air temperature for 24 h is under 
14 ◦C. Fig. 3 shows the schematic of the heating periods for the heating 
systems under the weather conditions in London, Aughton and Aber
deen. For convenience, the heating season is set to be from 1st October 
to 30th April in the further comparisons. The rest period in the year is 
the non-heating season. 

3.2. Set operation temperatures 

The heating system works to supply heat for space heating and hot 
water for the SFH 45 building over a year in London, Aughton and 

Aberdeen. The thermal comfort requires the indoor air temperature 
Troom to be 20 ± 2 ◦C in the heating season. When the HP modules 
operate, THWS* are set to be 40 ◦C, 45 ◦C, 50 ◦C and 55 ◦C to investigate 
the operation performance. Daily hot water consumption is assumed to 
be four 15-minute water draws of 300 kg/h at 6 am, 8 am, 8 pm and 10 
pm. The hot water from TES tank 2 is mixed with mains cold water to a 
temperature of 40 ◦C for use (Charted Institute of Plumbing and Heating 
Engineering). When the heating system works in the solar hot water 
(SHW) mode, THWS* is set to be within 80 ◦C to ensure the safe operation 
of the system. 

4. Modelling and simulation methods 

The simulation is conducted over a year and the time step is set at 1 
min. The calculation begins to operate at the 4380 h of the year (the 
middle point). The initial water temperature in TES tanks is 13.4 ◦C, 
equal to the temperature of the mains cold water at that time. 

The flat pale solar collector module, Type 1b, is adopted in the 

Fig. 4. Models and control functions of the heating system in TRNSYS.  

Table 3 
Summary of TRNSYS modules chosen for modelling the components of the heating system and main parameters.  

Component Module Parameter Value 

Solar collector Type 1b Area 18 m2 

Intercept efficiency 0.8 
Efficiency slope 13 kJ/hm2k 
Efficiency curvature 0 kJ/hm2k2 

TES tank 1 Type 4a Heat loss coefficient 0.2 W/(m2 K) 
Volume 500 L 
Height 1.175 m 

TES tank 2 Type 4a Heat loss coefficient 0.2 W/(m2 K) 
Volume 300 L 
Height 1 m 

ASHP Type 941 Blower power 0.15 kW 
Total air flow rate 1500 L/s 
User defined file YVAS012, York, Jonson Control 

SWHP Type 668 User defined file 30HXC-HP2, Carrier United Technologies 
Pump 1 Type 110 Rated flow rate 500 kg/h 

Rated power 30 W 
Pump 2 Type 110 Rated flow rate 800 kg/h 

Rated power 50 W 
Pump 4 Type 110 Rated flow rate 800 kg/h 

Rated power 50 W 
Pump in SWHP loop Type 110 Rated flow rate 870 kg/h 

Rated power 50 W 
Pump in ASHP loop Type 110 Rated flow rate 870 kg/h 

Rated power 50 W  
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TRNSYS model because this kind of solar collector takes around 50 % of 
the market share (Ruschenburg et al., 2013). To analyse the operation 
performance of the heating system for different THWS*, auxiliary heater 
is not employed. All the heat demands are met by the thermal energy 
from HPs and direct SHW. When the heat provision is not enough, the 
indoor air temperature and THWS drop down below their set values. 

The system size is determined according to the heat demands. The 
solar collector area and TES tank 1 volume are 18 m2 and 500 L, 
respectively. This system scale can ensure THWS no less than 40 ◦C in 
most days of non-heating seasons. If THWS drops below the set temper
ature in non-heating seasons, the HPs work to elevate THWS to the set 
range. 

The dual-source HP is modelled by both a SWHP module, Type 668, 
and an ASHP module, Type 941. For the purpose of comparison, the 
heating capacity of the heating system is designed to be 8 kW, same in 
the three locations. The SWHP module is user defined according to the 
sample file of 30HXC-HP2 from Carrier United Technologies. The ASHP 
module is user defined according to the sample file of YVAS012, York, 
Jonson Control. It should be noted that the ASHP module does not 
concern the influence of frosting and defrosting on the operation per
formance of ASHP. The simulation results could describe the right trend 
of operation performance for different THWS*. The TRNSYS modules 
adopted in the heating system and the corresponding parameters are 
given in Table 3. The parameters that define the models of the compo
nents are derived from the experimental data of the component products 
available in the market. The system and control functions for the heating 
system in TRNSYS are shown in Fig. 4. The pipe connections are dis
played by the solid lines and the control connections are displayed by 
the dashed lines. 

5. Results and discussions 

The heating system is modelled in TRNSYS for the weather condi
tions in London, Aughton and Aberdeen. Simulations with different 
THWS* are conducted to obtain the operation performance. 

5.1. Seasonally heating performance for different THWS* 

Fig. 5 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 lower ca
pacity of TES at lower temperature. When THWS* is set at 40 ◦C – 50 ◦C, 
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 ◦C, the heating system 
under weather conditions in London and Aughton works well and ach
ieves a THWS of around 60 ◦C; in Aberdeen, the heating system can only 
maintain a THWS of 57 ◦C, slightly higher than the set temperature. 

Taking the operation performance of the heating system in London, 
for example, Fig. 6 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 
different for different THWS*. This is attributed to the influence of ther
mal energy stored in building structures at different temperatures. When 

Fig. 5. Variations of room air temperature and hot water temperature at the outlet of TES tank 2 over a heating season for different THWS*.  
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THWS* is set at 40 ◦C, 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 meet well with 
the heat demands. This is because the lower capacity of tank 2 TES at 
THWS* of 40 ◦C is hardly to meet the sudden increase in heat demand. 

Fig. 7 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 the 
main heat provision in non-heating period. Additionally, in non-heating 
period, for example 273th-300th days, the increased contribution of 
SWHP is observed as THWS* increases. 

Fig. 8 shows the daily variations of electricity consumed by ASHP 
(yellow), SWHP (red) and SHW (blue) over a heating season for different 
THWS*. Refering 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 non-heating period. As THWS* increases, the electricity 
consumptions by ASHP and SWHP increase since the condensing tem
perature increases. For example, on the 381st (16th) day, the total 
electricity consumptions are 30.9 kWh and 33.5 kWh for THWS* of 40 ◦C 
and 55 ◦C, respectively. 

Fig. 9 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 energy used is 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 ◦C 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. 

Fig. 10 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*. 

Fig. 11 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 apparently higher than those at higher THWS*. 

Fig. 12 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 complicated. On most days, low 
temperature heating achieves better performance, especially in 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 ◦C but reaches the highest value at THWS* of 40 ◦C. 

Fig. 6. Daily variations of heat provision for space heating and hot water over a heating season for different THWS*.  
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5.2. Performance of low temperature heating in 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. 13 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 tempera
tures. The heat provision for space heating shows the same trend to the 
heating load shown in Fig. 2. In Aberdeen, the daily heat provision for 
space heating is the highest with 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 the peak values of 90.5 kWh and 90.8 
kWh. The heat provision for space heating in Aughton shows less 
variation. 

Fig. 14 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 of that by SWHP and about six times of that by direct SHW in the 
three locations. It is also noted that in 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. 

Fig. 15 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 con
sumptions 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 of that by SWHP and about five times of 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. 

Fig. 16 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 energy 
utilized in London, Aughton and Aberdeen is 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 latitude. In 
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, the solar thermal energy 
is seen to provide large direct SHW of 69.8 kWh in Aughton. This is due 
to the unpredictable weather conditions in these locations. 

Fig. 17 shows the daily variations of averaged COP of the HPs over a 
heating season in London (blue), Aughton (orange) and Aberdeen 
(green). In all the 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 

Fig. 7. Daily variations of heat provision for space heating and hot water by direct SHW, ASHP and SWHP over a heating season for different THWS*.  
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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 less 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 averaged value of COPSWHP is much higher than that of 
COPASHP. This is attributed to the higher evaporation temperature of 
refrigerant in the water-to-refrigerant evaporator than that in the air-to- 
refrigerant evaporator. 

Fig. 18 shows the daily variations of SPFHP and SPFsys over the 
heating season in London (blue), Aughton (orange) and Aberdeen 
(green). In all the 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 in consistent with 
the value of solar extractable in the three locations. In autumn and 
spring, the values of SPFsys are seen 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 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. 

5.3. Comparison of overall heating performance 

Table 4 lists the overall operation performances of the heating sys
tem. 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 the 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 ◦C, equal to the set hot water 
temperature, the temperature of 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 ◦C is lower 

Fig. 8. Daily variations of electricity consumed WE by ASHP, SWHP and SHW over a heating season for different THWS*.  
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than those at other THWS* in all the three locations. 
The influence of THWS* on heat provision for space heating is com

plex. 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 results 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 that 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 ◦C, the system achieves the highest heat provision for space 
heating. 

Fig. 19 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 
increases. When THWS* decreases from 55 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, 
the contribution of SWHP decreases 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 ◦C to 50 ◦C, 45 ◦C and 
40 ◦C, the contribution of ASHP decreases 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. 20 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 ◦C to 50 ◦C, 45 ◦C 
and 40 ◦C, 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. 21 shows the variation of thermal energy extracted from solar 
energy and ambient air against THWS* for heating systems operating in 

Fig. 9. 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*. 
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Fig. 10. Daily variations of QTES charged (positive) and discharged (negative) of tank 2 over a heating season for different THWS*.  

Fig. 11. Variations of daily averaged COPASHP and COPSWHP over a heating season for different THWS*.  
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Fig. 12. Daily variations of SPFSWHP, SPFASHP and SPFsys over a heating season for different THWS*.  

Fig. 13. Daily variations of heat provision for space heating and hot water over a heating season in London, Aughton and Aberdeen.  
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Fig. 14. Daily variations of heat provision for space heating and hot water by direct SHW, ASHP and SWHP over a heating season in London, Aughton and Aberdeen.  

Fig. 15. Daily variations of electricity consumed by ASHP, SWHP and pumps over a heating season in London, Aughton and Aberdeen.  
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Fig. 16. 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. 17. Daily variations of averaged COP of the HPs over a heating season in London, Aughton and Aberdeen.  
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London (black), Aughton (red) and Aberdeen (blue). With the decrease 
of THWS* from 55 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, thermal energy collection 
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 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, 
thermal energy collection 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. 

Fig. 22 shows averaged COP of SWHP and ASHP with THWS* for 
heating systems operating in London (black), Aughton (red) and Aber
deen (blue). With the decrease of THWS* from 55 ◦C to 50 ◦C, 45 ◦C and 
40 ◦C, 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. 

Fig. 23 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 the similar varia
tion trend with the heat provision for space heating. For the yearly SF, as 
THWS* decreases from 55 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, 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. 

Fig. 24 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 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, 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 ◦C 
to 50 ◦C, 45 ◦C and 40 ◦C, 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. 

Low temperature heating helps to reduce electricity consumption, as 
shown in Fig. 25. For the heating system, with the decrease of THWS* 
from 55 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, 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 

Fig. 18. Daily variations of SPFsys and SPFHP over a heating season in London, Aughton and Aberdeen.  
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Table 4 
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 consumption (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 consumption 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 

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. 
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that at a higher water supply temperature, the electricity savings for 
three locations are generally the same; at a lower water supply tem
perature, more electricity savings can be achieved in location at lower 
latitude. 

6. Economic analyses 

Economic analyses are conducted for the heating system with 
different THWS* against electric water heater in London, Aughton and 
Aberdeen. 

Wtot is the total electricity consumed by the heating systems calcu
lated by Eq. (8): 

Wtot = (QSH + QHW)/η (8) 

where ƞ is the heater efficiency. 
Ppb is the payback period against electric water heater, calculated by 

Eq. (9): 

Ppb = Ci/Cspy (9) 

where Ci is the difference of the initial cost and Cspy is the cost saving 

Fig. 21. Variation of thermal energy (Q) extracted from solar energy and 
ambient air against THWS* for heating systems operating in London, Aughton 
and Aberdeen. 

Fig. 22. Averaged COP of SWHP and ASHP with THWS* for heating systems 
operating in London, Aughton and Aberdeen. 

Fig. 19. Variations of heat provision for space heating and hot water by SWHP, 
ASHP and direct SHW against THWS* for heating systems operating in London, 
Aughton and Aberdeen. 

Fig. 20. 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. 
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per year, obtained by Eq.(10) and Eq.(11). 

Ci = Ci0 − Cieh (10)  

Cspy = Co0 − Coeh (11) 

where Ci0 and Co0 are the initial and operation costs of the heating 
system, Cieh and Coeh are the initial and operation costs of the electric 
water heater, respectively. 

The efficiency of the electric water heater is taken from (Li and Yang, 
2009) to be 0.95. The electric water heater has a domestic TES tank of 
300 L. The heat provision of electric water heater is set to be the average 
heat provision of the heating system at that location. Energy prices are 
seen significant increase in the past year. The electricity price is taken 
from E.On Energy (a UK energy suppler) to be £212.2 per MWh in April 
2021, £293.2 per MWh in December 2021, £343.9 per MWh in January 
2022 and £384.6 per MWh in April 2022 (E.ON Energy). 

The price of the heating systems is assumed based on quote from an 
online market. The flat plate solar collector costs around £30 per m2, TES 
tank costs £290 per 100 L, and a pump of 15-m head and 15 L/min flow 
rate costs around £10 (https://www.made-in-china.com). The heating 
systems used in the all the three locations have a capacity of 8 kW. 
Installation of the heating system is assumed to be 6 h with an engineer 
fee of £80 per hour (Costs, 2021). The economic analyses for different 
THWS* for 2021 and 2022 at three locations are displayed in tables 5 and 
6. 

The payback periods decrease as THWS* decreases. With the decrease 
of THWS* from 55 ◦C to 50 ◦C, 45 ◦C and 40 ◦C, in 2022, the payback 
periods decrease by 2.0 %, 3.0 % and 5.9 % in London; by 1.0 %, 2.0 % 
and 4.1 % in Aughton; 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. 
Fig. 26 shows the payback period at THWS* of 40 ◦C, 45 ◦C, 50 ◦C and 

55 ◦C against electricity price in London, Aughton and Aberdeen. In the 
past one year, the electricity price is seen sharp increase from £212.2 per 
MWh (April 2021) to £293.2 (December 2021), £343.9 (January 2022) 
and £384.6 per MWh (April 2022). Compared to the payback period in 
April 2021, the payback periods are significantly reduced by around 

Fig. 24. Variations of yearly and seasonally (a) SPFHP and (b) SPFsys with 
THWS* in London, Aughton and Aberdeen. 

Fig. 23. Variations of yearly and seasonally SF with THWS* for heating systems 
operating in London, Aughton and Aberdeen. 
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27.7 %, 38 % and 45 %, respectively. In this situation, the differences 
among the payback periods with different THWS* are reduced. Note that 
the current economic analysis is based on component prices from an 
online international market and the labour price in 2021. These prices 
are significantly higher in 2022 and result in some variation in payback 
period. 

7. Conclusions 

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 
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 ◦C to 40 ◦C, 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 tem
perature from 55 ◦C to 40 ◦C, 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 to decrease heat provision from 
ASHP and SWHP and to increase the heat provision from direct 
SHW, resulting in much better system efficiency. When the set 
hot-water-supply temperature decreases from 55 ◦C to 40 ◦C, 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 ◦C, the heat pro
vided by ASHP is about three times of that by SWHP and about six 
times of that by direct SHW, and the electricity consumed by 
ASHP is about four times of that by SWHP and about five times of 
that by pumps in the three locations.  

(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. 

Fig. 25. Electricity savings at THWS* of 40 ◦C, 45 ◦C and 50 ◦C compared with 
electricity consumption at THWS* of 55 ◦C. 
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(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 ◦C to 40 ◦C, for the electricity 
price in April 2022, the payback periods decrease from 1.01 year 
to 0.95 year in London, from 0.98 year to 0.94 year in Aughton, 
and from 0.81 year to 0.78 year in Aberdeen. 
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Fig. 26. variations of payback period at THWS* of 40 ◦C, 45 ◦C, 50 ◦C and 55 ◦C 
with electricity price. The solid line is a guide for the eye. 
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