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To achieve the goal set for net-zero emissions of greenhouse gases in the UK by 2050, the domestic heating must
be decarbonised. Solar assisted air source heat pumps, integrating solar collector, thermal energy storage tank
and heat pump, offers a promising alternative application under the UK weather conditions. Literature review
shows that investigations of solar assisted air source heat pumps in the regions like the UK are still insufficient.
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 requiring the largest sizes of the solar collector
and thermal energy storage tank. The dual-source and parallel type heat pumps show slightly lower seasonal
performance factors of 4.4 and 4.5, respectively, requiring smaller sizes of solar collector and thermal energy
storage tank. 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 good
alternatives to replace the gas-boiler heating system.

collector serves as the evaporator. In the IX-SAASHPs, the solar collector
transfers heat to the water which is circulated either through the
evaporator of the heat pump or through the heat exchanger in the
thermal energy storage (TES) tank. IX-SAASHPs have shown high po-
tential for domestic SH and HW [7]. The serial, parallel and dual-source
IX-SAASHPs have been developed.

In the past two decades, many investigations of IX-SAASHPs for SH
and/or HW in the domestic heating sector have been conducted. Table 1

1. Introduction

In the UK, in 2017, space heating (SH) and hot water (HW) took up
80% of the total energy consumption in the domestic sector [1]. To meet
the goal of the net-zero emissions of greenhouse gases by 2050, the
domestic heating must be decarbonised [2]. To compensate the inter-

mittency of solar energy availability, solar thermal energy [3] can be
integrated with heating technologies [4]. Solar-assisted air source heat
pump (SAASHP), combining solar thermal energy storage and heat
pump (HP) [5], is promising to achieve the decarbonised domestic
heating [6].

SAASHPs include direct expansion SAASHPs (DX-SAASHPs) and in-
direct expansion SAASHPs (IX-SAASHPs). In the DX-SAASHPs, the solar
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summarises some earlier studies on SAASHPs operation in relatively
higher latitude regions. Summaries of more studies on SAASHPs are
given in [7]. Freeman et al. [8] numerically simulated three types of IX-
SAASHPs for SH of a room with the floor area 120 m? and HW of 279.5 L
per day. The averaged COPs of these heating systems are 2.0 for parallel
IX-SAASHP, 2.5 for dual-source IX-SAASHP and 2.8 for serial IX-
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Nomenclature Troom room air temperature
Taws hot water temperature at the outlet of TES tank 2
C; initial cost difference Wasup  electricity consumed by the air source heat pump
(o initial cost of the studied system Wap electricity consumed by a heat pump
Cieh initial cost of the electrical water heater Wpump  €lectricity consumed by all the pumps
Coo operation cost of the studied system Wswup  electricity consumed by the solar water heat pump
Coch operation cost of the electrical water heater. Wiot total electricity consumed
cop coefficient of performance
Cspy cost saving per year Greek letter . . .
HC heating capacity n efficiency of electric heater and gas boiler systems
Py payback period Abbreviation
Qasup, con  thermal energy obtained at the condenser of air source ASHP air source heat pump
heat pump . HP heat pump
Qce clean energy used in the system HW hot water
Qupcon thermal energy obtained at the condenser of a heat pump HWS hot water storage
Quw thermal energy for hot water PCM phase change material
Qsu thermal energy for space heating sC space cooling
Qsu solar energy used SFH single family house
Qsup thermal energy supply SH space heating
QrEs thermal energy storage SHW solar hot water
SF solar fraction SWHP  heat pump used hot water from solar collector as heat
SPFyp seasonal performance factor of the heat pump source
SPFgy seast?nal p.erformance factor of the system TES thermal energy storage
Tamb ambient air temperature

SAASHP. Fraga et al. [9] monitored the performance of a serial IX-
SAASHP providing SH and HW for an apartment block with a floor
area of 927 m> (80 flats). The seasonal performance factor (SPF) of this
IX-SAASHP is 2.9. Ji et al. [10] reported measurements of a triple-
functional dual-source IX-SAASHP for SH, space cooling (SC) and HW
using an enthalpy-difference test facility. The COPs of the system range
from 1.75 to 3.0 in the HW operation mode and from 2.35 to 2.75 in the
SH operation mode. Further experimental studies of this system using a
lager water TES tank show the averaged COPs of 2-3.25 and 2.25-2.5,
respectively [11]. Poppi et al. [12] numerically simulated two parallel
IX-SAHPs providing SH and HW for single family houses (SFH) named as
45 and 100. The SPFs of the two IX-SAHPs vary from 2.43 to 3.85 when
the ambient temperatures are —10 °C and —5 °C in Zurich and Carcas-
sonne, respectively. Liu et. al. [13] presented measurements of a dual-
source IX-SAASHP for SH and HW using a novel composite heat
exchanger as the evaporator. The COP of the system ranges from 2.0 to
3.1. Ran et al. [14] numerically simulated the performance of a dual-
source IX-SAASHP for SH and HW operation in cities of Lhasa,
Chengdu, Beijing and Shenyang in China having significantly different
weather conditions. The SPFs of the system operation in these locations
are 6.92, 3.61, 3.27 and 2.45, respectively. The latitudes of these loca-
tions are below 50°. The high SPF of the system operation in Lhasa
plateau is attributed to the high solar irradiance due to the extremely
high elevation.

Some studies have been reported for applications of SAASHPs in
relatively high latitude regions. Kutlu et al. [15] numerically simulated a
serial IX-SAASHP using phase change material (PCM) for TES and the
evacuated-tube solar collector for HW. The evacuated tube reduces the
heat loss and hence increases the collector efficiency. The COP of the
system achieves from 3.4 to 4.6 under the UK summer weather condi-
tions. Yerdesh et al. [16] numerically simulated a solar assisted two-
stage cascade HP for SH and HW under the weather conditions in
Kazakhstan. The maximum COP of the system is 2.4 for each stage of the
HP using R32 and R290, respectively. Treichel and Cruickshank [17-19]
studied experimentally and numerically a serial IX-SAASHP using a
novel air-type solar collector for HW under the Canadian weather con-
ditions. The COP of the system ranges from 1.9 to 2.4. Ma et al. [20]
numerically studied the applicability of a two-stage serial IX-SAASHP,

using R410A and CO; as the working fluids, for SH under the weather
conditions in Canada.

This work aims to investigate the feasibility for applications of
SAASHPs in relatively high latitude regions such as London in the UK
(51.5° N). A typical single-family house is taken from a reference
building given in the International Energy Agency (IEA) Standard [21]
with geometrical dimensions and relevant properties. The serial, parallel
and dual-source type IX-SAASHPs are used to provide SH and HW of 300
L per day. The three types of IX-SAASHPs are modelled and simulated
using TRNSYS 17 based on a typical meteorological year. The SPF and
economic performance of the SAASHPs are compared in view of the
electricity generation scenarios and the guidelines to adopt heat pumps
under the net zero carbon emission in the UK by 2050. For the purpose of
comparing the true characteristics of the heating systems, auxiliary
heater is not considered in this work.

2. Reference building and heat demand

The building of SFH 45 given in the IEA standard [21] is selected as
the reference building for domestic heating. The geometrical dimensions
and relevant properties are given in [21]. The indoor floor area of the
building is 140 m2. The radiant floor is used as the heating method.
Table 2 gives the parameters and their values of TRNSYS module for
modelling the temperature of house ground. Fig. 1 shows hourly cooling
(positive) and heating (negative) loads of the house SFH 45 at room air
temperature Tyoom Of 18 °C over a typical year of weather conditions in
London. The peak and the averaged heating loads are seen to be 3.15 kW
and 1.24 kW, respectively.

For the reference building of SFH 45, IEA recommends the SH period
to be days when the 24-hour averaged ambient air temperature is below
14 °C. Under the weather conditions in London, the results show that the
SH period is from 0 to 2736 h and from 7224 h to 8760 h of the year,
corresponding to the heating season from 1% October to 30" April. The
rest period of the days is the non-heating season.

3. Description of the heating systems

In this work, serial, parallel and dual-source IX-SAASHPs are
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Table 1
Summary of some earlier studies on SAASHPs operation in relatively higher latitude regions.
Authors Location Function Refrigerant Collector Storage Tampb (°C) HC (kW) CcOoP SPF System
- volume category
Type Area 3
(m?) (m”)
Freeman et al., Madison, USA SH for a - FPC 10, 20 0.075 per - 1.95 2 (parallel) Parallel IX-
1979 [8] 43° N room of 30,40  m? solar (SH), 2.5 (dual- SAASHP,
120 mz, 50, 60 collector 0.68 source) 2.8 Dual-source
HW of (SH) (serial) IX-SAASHP,
Albuquerque, 279.5L 0.94 Serial IX-
USA 35° N daily (SH), SAASHP
0.68
(SH)
Charleston, 0.485
USA 38° N (SH),
0.68
(SH)
Fraga et al., Geneva, SH for a - bare FPC 116 6+ 0.3 x —2.4-20.5 2.13 - 2.9 Serial IX-
2015 [9] Switzerland 46 block of 8 (SH), SAASHP
°N 927 m?, 5.28
HW (SH)
Ji et al., 2015 Hefei, China SH, SC, - FPC 3.2 0.2 7 1.2-2.4 1.75-3 Dual-source
[10] 32°N HW (HW) (HW) IX-SAASHP
1.4-2.2 2.35-2.75
(SH) (SH)
Cai etal.,, 2016 ~ Hefei, China SH, SC, - FPC 3.2 0.3 7 1.9-2.4 2-3.25
[11] 32°N HW (HW) (HW)
1.3-1.5 2.25-2.5
(SH) (SH)
Poppi et al., Zurich, SH for a R410A FPC 9.28 0.763 -10 0.347 3.16 Parallel IX-
2016 [12] Switzerland, room of (HW), SAASHP
47° N 140 m?, 0.944
HW (SH)
0.347 2.43
(HW),
1.966
(SH)
Carcassonne, -5 0.307 3.85
France 43° N (HW),
0.419
(SH)
0.307 2.93
(HW),
1.047
(SH)
Liu et al., 2016 Zhengzhou, SH, HW - FPC - - -15, -10, 1.2-2.9 2-3.1 Dual-source
[13] China 34° N -7,-5,2, IX-SAASHP
7
Ran et al., Lhasa, China SH, HW - FPC 300 10 - 120 - 6.92  Dual-source
2020 [14] 29.5°N IX-SAASHP
Chengdu, 90 - 3.61
China 30.7°N
Beijing, China 180 - 3.27
40.1 °N
Shenyang 270 - 2.45
China 41.8°N
Kutlu et al., UK HW R134a evacuated 4 0.15 9-25 - 3.4-4.6 - Serial IX-
2020 [15] tube (PCM) SAASHP
Yerdesh et al., Kazakhstan HW, SH R134a/R410A, FPC 6 0.3 —-30-10 - 1.8-3 - A solar
2020 [16] R32/R290, R32/ assisted
R1234yf, R32/ cascade HP
R134a, R410A/
R290, R410A/
R1234yf, R744/
R290, R744/
R1234yf, R744/
R134a
Treichel and CanadaandUS HW R134a air-type 1.26 0.189 - - 1.9-2.4 - Serial IX-
Cruickshank, solar SAASHP
2021 collector
[17-19]
Ma et al., 2020 Canada SH CO,, R410A - 70 3 —6.6-12.7 - - - A two-stage
[20] serial IX-
SAASHP
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Table 2
TRNSYS module for modelling the temperature of house ground
Component Module Parameter Value
Ground temperature Type 501 Mean surface Temperature 10.78 °C
Amplitude of surface temperature ~ 18.04 °C
Time shift 12% day
Depth at point 0.445 m

modelled and simulated using TRNSYS 17. 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.

3.1. Serial system

Fig. 2(a) shows a serial IX-SAASHP system, which consists of a solar
collection loop (in black), a SWHP unit (in green), a HW loop (in blue)
and a 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, the TES tank 1 (4) serves as
the low-temperature heat source and the TES tank 2 (15) serves as the
high-temperature heat source. When the system provides hot water, the
mains cold water flows into the TES tank 2. When the system is in
operation for heating, the pump 4 (16) circulates the hot water in the
TES tank 2 through the radiant floor (17).

Fig. 2(b) shows the flow chart for control of the serial system oper-
ation. The room air temperature (Tyoom), ambient air temperature
(Tampb), local solar irradiance (I) as well as water temperatures at several
locations such as the water temperatures at the inlet and outlet of the
solar collector (T7, T5), the water temperature at the outlet of TES tank 1
to load (Ts), the water temperature at the outlet of the TES tank 2 (Tyws)
are measured/monitored for control of the serial system operation. The
water temperature at the outlet of the evaporator (T4), the water tem-
peratures at the inlet and outlet of the condenser (Ts and Tg) and the
temperature of the mains cold water supply (T7) are measured/

5 -
4
34
2
14

0
1
24

Cooling and heating loads | KW

4
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monitored for analysis of energy conservation of the heating system.
Table 3 gives the rule-based look-up table for control of the serial system
operation.

3.2. Parallel system

Fig. 3 shows a parallel IX-SAASHP, which consists of a solar collec-
tion loop (in black), an ASHP unit (in green), a HW loop (in blue) and an
SH loop (in red). The thermal energy is stored in the 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 opera-
tion, the ambient air serves as the low-temperature heat source.

Fig. 3(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 temper-
atures at the inlet and outlet of the condenser (Ts and Tg) and the
temperature of the mains cold water supply (T7) are measured/moni-
tored for analysis of energy conservation of the heating system. Table 4
gives the rule-based look-up table for control of the parallel system
operation.

3.3. Dual-source system

Fig. 4 shows a dual-source IX-SAASHP, which consists of a solar
collection loop (in black), a SW-ASHP unit (in green), a 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(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
evaporators (T4 and Ts), the water temperatures at the inlet and outlet of
the condenser (T and T7) and the temperature of the mains cold water
supply (Ts) 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.

1 1 T
0 1000 2000 3000

T
4000

1 T T 1
5000 6000 7000 8000

Time of the year / hour

Fig. 1. Hourly cooling (positive) and heating (negative) loads of the house SFH 45 at room air temperature Tyoom Of 18 °C over a typical year of weather conditions

in London.
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8 2 10 3
9 15 17

SH loop
Mains water in

14
Thws
L+ out for HW

Troom

T7

1: Solar collector 2,6,7,13, 14: Valves
8: Water-to-refrigerant evaporator
11: Expansion valve 12:Pump 3

3:Pump 1 4: TES tank 1
9: Compressor

15: TEStank 2 16: Pump 4

5: Pump 2
10: Condenser
17: Radiant floor

a) Schematic of the serial system

Does end use No

require heat?

Yes

Can solar-passive Yes

Can solar- Yes

storage work?

No

Enable solar-storage

house operate?

No

Yes

Can storage-passive
house operate?

No

Can solar-HP Yes

Can solar-
storage-passive
house operate?

No

¥

Enable solar-passive house

Enable storage-passive house

Yes

Enable solar-storage-passive house

operate?

No

Can storage- Yes

HP operate?

No

N
Can solar-storage- °

HP operate?

Yes

=I| Enable solar-HP '—

Enable storage-HP

=i Enable solar-storage-HP '—

b) Flow chart for system operation control

Fig. 2. System and operation control of the serial IX-SAASHP.
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Table 3

The rule-based look-up table for control of the serial system operation.
Operation mode Temperature range (°C) Pumps Valves SWHP

3 5 12 16 2 6 7 13 14

Collector-TES 1 Ty > T3, Tuws > 50 (e} X X X (¢] X X X X X
Collector-TES 1-TES 2 Ty > T3 >50 > Tuws (¢] (¢] X X (0] [¢] [¢] X (¢] X
Collector-TES 1-SWHP-TES 2 Ty > T3, —5—T3 < 50, Taws < 50 (0] (0] (0] X o X o o X (@]
Collector-SWHP-TES 2 Ty < T3, 50 > Ty > —5, Tyws < 50 (¢] X (0] X X [e] X [¢] X (6]
Collector-TES 2 Taws <50 < T2 < T3 [0} X X X X X X X [0} X
TES 1-TES 2 T3> 50 > Tiws x o) x x x o) o) x o) x
TES 1-SWHP-TES 2 —5< T3< 50, Tyws < 50 X (0] (0] X X X o o X (@]
SH: TES 2 Troom < 18 X X X o X X X X X X
SH: Collector-TES 1 Ty > T3, Taws > 50, Troom < 18 (¢] X X [¢] [¢] X X X X X
SH: Collector-TES 1-TES 2 Ty > T3, Taws < 50, Troom < 18 (¢] (0] X [e] [¢] [¢] [¢] X (6] X
SH: Collector-TES 1-SWHP-TES 2 Ty > T3, —5 < T3 < 50, Taws < 50, Troom < 18 (¢] (0] o [¢] [¢] X [¢] [¢] X (6]
SH: Collector-SWHP-TES 2 Ty < T3, 50 > Ty > —5, Tuws < 50, Troom < 18 o X (0] [¢] X [¢] X [¢] X o
SH: Collector-TES 2 Taws < 50 < Ty < T3, Troom < 18 (¢] X X [¢] X X X X (¢] X
SH: TES 1-TES 2 T3> 50 > Tuws, Troom < 18 X (0] X [¢] X (0] [¢] X (¢] X
SH: TES 1-SWHP -TES 2 —5< T3 < 50, Taws < 50, Troom < 18 X (0] [¢] X X [¢] [¢] X (¢]

Note: Collector: Solar collector. TES 1: Water TES tank1. TES 2: Water TES tank 2.

O: Pumps and SWHP are in operation; Valves is open. x: Pumps and SWHP are not in operation; Valves are closed.

4. 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.

4.1. Working conditions

The systems are designed to provide SH and HW for the building over
a year. The Tyoom for thermal comfort is set to be 18 °C-22 °C 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 °C [22]. Four fifteen-
minute water draws per day at a rate of 300 kg/h are used to repre-
sent 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 °C
[23], which is achieved by mixing the hot water from the TES tank 2 and
mains cold water at the outlet of the TES tank 2. For safe operation of the
system, in the SHW operation mode, the highest water temperature is
controlled to be 80 °C.

4.2. Selection of TRNSYS modules

Since flat plate solar collectors occupy about half of the current
market share [7], 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, 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 hot water storage
(HWS) temperature will be lower than the temperature set and the room
air temperature will fall to 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 solar collector
as the sole heat source, the required solar collector area is large to be 45
m? and the required size of water TES tank is large to be 3 m. 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 m? and 500 L, respectively, to ensure
HWS temperature to be higher than 40 °C in most days of non-heating
seasons. When the HWS temperature is below 50 °C in non-heating

seasons, the HP operates to ensure the HWS temperature in the safe
range to inhibit bacteria.

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 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
YVASO012, 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 deep understanding for application potential of SAASHPs in
high latitude regions. In the model of dual-source IX-SAASHP, the dual-
source HP is simulated by combining a 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 6. Fig. 5
shows the TRNSYS models and control functions for serial, parallel and
dual-source IX-SAASHPs. The solid lines stand for the pipe connections,
and the dot lines stand for the control connections.

4.3. Simulation scheme

The operation period is set at one year with a time step of 0.0167 h.
The systems start to operate from the middle of the year (4380 h) with an
initial water temperature of 13.4 °C in the TES tanks, which is the water
temperature of mains water supply.

5. 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.

5.1. Thermodynamics cycle of the heat pumps

Fig. 6 shows the ideal vapour-compression cycles of the ASHP (1-2-3-
4-1) and SWHP (5-6-7-4-5) on 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 evap-
orator and condenser is neglected.



L.W. Yang et al.

Energy Conversion and Management 252 (2022) 115061

T

Solar collection loop

5 Heat pump 12

Thws
- out for HW

> 15

1 4 Troom

SH loop
Mains water in

T7

1: Solar collector 2,10, 12: Valves
6: Air-to-refrigerant evaporator
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7: Expansion valve
13: TEStank 2 14: Radiant floor 15: Pump 4

4: TES tank 1 5: Pump 2
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a) Schematic of parallel system

Does end use
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Enable solar-storage
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Enable storage-passive house —

Enable solar-storage-passive house

b) Flow chart for system operation control

Fig. 3. System and operation control of the parallel IX-SAASHP.

5.2. 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 (SPFyp), COP of the HP module, and
the solar fraction (SF). The room air temperature is an indication
whether the heat provision by the heating system meets the heat de-
mand 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 HPs. The
SPFgys describes the overall performance of the whole heating system

over the heating season and the year and is defined by Eq. (1):

J(Osn + Ouw) x dt

valol x dt 1)

SPFgy =

where Qsy and Quw are the thermal energies supplied by the system for
SH and HW, respectively, and Wi, is the total electricity consumed by
the HP and all water pumps given by Eq. (2):

Wiot = Whp + Wpumps (2)
where Wyp is the electricity consumed by the HP calculated by Eq. (3):

Wup = jasnpWasnp + jswapWswnp 3
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Table 4

The rule-based look-up table for control of the parallel system operation.
Operation mode Temperature range (°C) Pumps Valves ASHP

3 5 11 15 2 10 12

Collector-TES 1 Ty > T3, Taws > 50 o X X X o X X X
Collector-TES 1-TES 2 Ty > T3> 50 > Tuws o o X X X X o X
ASHP-TES 2 T3 < 50, Tiws < 50 x x o x x o) x o)
TES 1-TES 2 T3> 50 > Tuws X (¢] X X X X (0] X
SH: TES 2 Troom < 18 X X X (0] X X X X
SH: Collector-TES 1 Ty > T3, Tuws > 50, Troom < 18 [¢] X X (¢] [¢] X X X
SH: Collector-TES 1-TES 2 T3> T3> 50 > Tuws, Troom < 18 (0] (0] X (6] X X o X
SH: ASHP-TES 2 T3 < 50, Tyws < 50, Troom < 18 X X o o X (0] X o
SH: TES1-TES 2 T3> 50 > Tuws, Troom < 18 X (0] o X X (0]

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.

where Wagyp and Wgwpp are the electricity consumed by the ASHP and
SWHP, respectively, jasgp and jswup have values either 1 or O repre-
senting on or off operation status of ASHP and SWHP. For serial system,
Jjasup = 0 and jswup = 1. For parallel system, jasgp = 1 and jswyp = 0. For
dual-source system, jasyp and jswup can be 1 or 0, depending on their
on/off operation status.

The SPFyp describes the overall performance of a HP over the heating
season and is defined by Eq. (4):

_ J Oupcon x dr

SPFyp = £ ZPen 72 4
e @

where Qpp,con is the heat transferred from the condenser of the HP to
water circulating to TES tank 2, given by Eq. (5):

Oup, con = JASHPOASHP, con + JSWHPOSWHP, con %)

where Qasmp, con and Qswup, 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. (6):

COP = QHP, con/WHP (6)

The SF of the heating system, the contribution ratio of the solar
thermal energy collected to the system heat provision over the heating
season and the year, is defined by Eq. (7):

J(Onstpcon + Wswnp) x dt

SF=1-—
J(Onw+Osu) x dt

@)

6. Results and discussions

Based on the three IX-SAASHPs, the models in TRNSYS are estab-
lished. Simulations are performed and the system performances are then
obtained.

6.1. Seasonally heating performance

Fig. 7 shows the variations of the room air temperature (Tyoom, the
black line) and the HWS temperature (Tyws, 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 °C because
after water draws, feedwater enters the hot water tank. However, the IX-
SAASHPs respond quickly to lift the HWS temperature to above 50 °C.
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 °C. The lowest room air temperature is 13.4 °C and the lowest HWS
temperature of 11.3 °C. The lowest water temperature at the outlet of
the evaporator is —7.1 °C. This is still within the safe operation range of

the system according to the operation introduction of the 30HXC-HP2 of
Carrier United Technologies.

During the simulation of serial IX-SAASHP, to improve the heating
capacity in winter, larger collector areas, collectors with better effi-
ciencies and larger storage tanks have been tried. 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 m? is used, the lowest room temperature and HWS
temperature are almost the same, 13.5 °C and 11.5 °C, respectively.
When a solar collector with an intercept efficiency of 0.85 is used, the
lowest room temperature and HWS temperature are almost the same,
13.7 °C and 11.5 °C, respectively. The use of a larger TES tank 1 in-
creases 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 m® is used, the lowest HWS
temperature is almost the same at 11.4 °C, but the lowest HWS tem-
perature occurs 4 times in winter. In addition, the lowest room air
temperature drops even to 11.8 °C.

As shown in Fig. 7 (b) and (c), the use of ASHP make the system meet
the heat demands well. The lowest water temperature at the outlet of the
SWHP evaporator is about —5 °C and the air temperatures at the outlet
of the ASHP evaporator are also about —5 °C. This ensures the safe
operation of SWHP and ASHP over the heating season.

6.2. Daily heat provision

Fig. 8 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 in
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 provision from parallel and dual-
source systems are around 100 kWh. At the same day, the serial sys-
tem 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.

Fig. 9 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
is 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 14" (379™)
day. For the dual-source system, the large proportion of heat is provided
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Table 5
Rule-based look-up table for operation control of the dual-source IX-SAASHP.
Operation mode Temperature range (°C) Pumps Valves ASHP SWHP
3 5 15 19 2 6 9 10 14 16
Collector-TES 1 Ty > T3, Tuws > 50 (e} X X X (e} X X X X x X X
Collector-TES 1-TES 2 Ty > T3> 50 > Tyws [0} (o} X X o X X X X o X X
Collector-TES 1-SWHP-TES 2 Ty > T3, Tamp < T3 < 50, Tiyws < 50 o) o) o) x o) o) o) x o) x x o)
ASHP-TES 2 Tamb > T3, Taws < 50 X X (0] X X X X [¢] (0] X o X
TES 1-TES 2 T3> 50 > Tyws X (6] X X X X X X X (6] X X
TES 1-SWHP-TES 2 Tamb < T3 < 50, Tiws < 50 x o) o) x x o) o) x o) x x o)
SH: TES 2 Troom < 18 X X X (0] X X X X X X X X
SH: Collector-TES 1 Ty > T3, Tayws > 50, Troom < 18 (¢] X X o (¢] X X X X X X X
SH: Collector-TES 1-TES 2 Ty > T3> 50 > Tuws, Troom < 18 o o X (0] (¢] X X X X (0] X X
SH: Collector-TES 1-SWHP-TES 2 Ty > T3, Tamp < T3 < 50, Taws < 50, Troom < 18 (¢] (¢] (0] (0] (¢] (6] [¢] X [¢] X (6]
SH: ASHP-TES 2 Tamb > T3, Taws < 50, Troom < 18 X X o o x X o o X o
SH: TES 1-TES 2 T3> 50> Tyws, Troom < 18 X (0] X (0] X X X X X (0] X
SH: TES 1-SWHP-TES 2 Tamb < T3 <50, Tuws < 50, Troom < 18 X o o ) x o o x o X o
Note: Collector: Solar collector. TES 1: Water TES tank1. TES 2: Water TES tank 2.
O: Pumps, SWHP and ASHP work; Valves are open. x: Pumps, SWHP and ASHP does not work; Valves are closed.
Table 6
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 m?
Parallel and dual-source systems Area 18 m?
All systems Inclination angle 51.5°
Tested flow rate 30 kg/hm?
Intercept efficiency 0.8
Efficiency slope 13 kJ/hm?%k
Efficiency curvature 0 kJ/hm?k?
1st order IAM 0.2
2nd order IAM 0
TES tank 1 Type 4a All systems Heat loss coefficient 0.2 W/(m? K)
Serial system Volume 3000 L
Height 215m
Parallel and dual-source systems Volume 500 L
Height 1.175m
TES tank 2 Type 4a All systems Heat loss coefficient 0.2 W/(m?K)
Volume 300 L
height 1m
ASHP Type 941 Parallel and dual-source systems Blower power 0.15 kW
Total air flow rate 1500 L/s
User defined file YVASO012, 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 30W
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

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.

Fig. 10 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 repre-
sent the total electricity consumed by the system. In all systems, pumps
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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 collector and storage tank,
their solar utilisation is lower than that of serial system. Their electricity
consumption is thereby higher. The largest electricity consumption is
around 32 kWh on the 14™ 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
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h

Fig. 6. P-h diagram of ideal vapour-compression cycle HPs.

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.

Fig. 11 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 sys-
tem. The black line refers to the average daily HW provision for refer-
ence. In 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, the solar thermal energy is purely used
for SWHP in winter.

Fig. 12 shows the variations of daily thermal energy storage (Qrgs) in
serial (blue), parallel (black) and dual-source (red) IX-SAASHPs over a
heating season. Positive value refers to the thermal energy charged and
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negative value refers to the thermal energy discharged. Comparison
between Figs. 11 and 12 indicates that using SWHP increases the uti-
lisations of solar thermal energy and the seasonal storage. For example,
at the beginning of the heating period, in the serial system, the storage
tank discharges around 100 kWh 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 de-
mand, 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.

6.3. Efficiencies of the heat pump module(s)

Fig. 13 shows the variations of daily averaged COP of the HPs in
three systems over a heating season. The daily average COPs of the

M

oy Y
i ‘ .

MM\J;\J\‘/‘VV\»N‘“’“‘NWNNUM'“

- —— —— —T—
6600 7200 7800 8400

100 ~
60} (b) Parallel

80
704,
60
50 +
40
30+
20

m’"]l“"r. ,I‘ \
IH H{l [LJ 1 H ULJ‘WWVT‘A

TI°C

‘-‘M(\‘ha/wrﬁf rwv,w.n» J\“ﬂ«-ﬂrw‘,\‘l"'ﬁ{v} Wt I,JL Jl»m,‘

—— —T— —1— —T— ——
9000 9600 10200 10800 11400

1

r e

&W ’

h'w v ‘\, lH, "v ‘\N‘IL 1

i

[
nﬂ\rm 4l.[

4
h"“"‘l"

'\MIMMM\.‘“AMUM [T . .
10

MWJJ\'N_»WWWV\WW’M-JWM\

o Lt————————————
6600 7200
100 -
90 -
80
70 -
60 -
50 -
40
30 -
20

(c) Dual-source
R
‘]{ \ lw |l 1 IL

IWRY/ A
IR

TI°C

"oy

— T — T e B s s S e s

10200 10800 11400

. ‘ ﬂ ] ”‘}Mlﬁhl l}

bl T el Ty e

\

l'ﬂj

M

\’MMM\MN\,MM
10
0o

uMmAAJ-JWwJ«MwmwM\h

T T T T
6600 7200 7800 8400

T T T T T
9000 9600 10200 10800 11400

Time of the year / hour

Fig. 7. Variations of room air temperature and HW temperature at the outlet of TES tank 2 for three systems over a heating season.

12



L.W. Yang et al.

120
110-{ I SH
1004 I HW
90 -]
80
70
60 -]
50
40|
30
20
10

(a) Serial

QSH +Qyy, / kWh

Energy Conversion and Management 252 (2022) 115061

L Lo e e e
275 300 325

120 4
1104
100
90 +
80 +
70+
60 -
50
40+
30 +
20 +
10 -

(b) Parallel

QSH +Qy,, /kWh

=—ees
350

Y——
375

-"l'v‘v.|....|v.,'|v
400 425 450 475

T T T T
275 300 325 350
1204
1104
100

90
80
704
60
50
40+
30
20
10

(c) Dual-source

QSH i QHW/ kWh

T
375

T T T T
400 425 450 475

T T T
275 300 325 350

T
375

T T
400 425 450 475

Number of the day

Fig. 8. Variations of daily heat provision for SH and HW for three systems over a heating season.

SWHP in serial system and the ASHP in 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 in 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
higher COP of the HP module, according to 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 to
those in serial and parallel system, ranging from 2.5 to 4.5 and from 3 to
7, respectively.

Fig. 14 shows the SPFgys of the system (blue symbols) and SPFyp of
the HPs (black symbol for SWHP and red symbols for ASHP) for three
systems. In all three systems, the lowest daily SPFyp is 2.9-3.1.
Considering the electricity consumed by pumps, SPFgys is lower than
SPFyp in HP dominant periods. The lowest daily SPFgys 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.

6.4. Yearly operation performance

The overall operation performances of the IX-SAASHPs are listed in
Table 7. The system simulation considers heat exchange with the
ambient environment and the thermal energy stored in the tanks at the
beginning and the ending.

All the IX-SAASHPs can obtain yearly SPFsys above 4.4. Compared
with the systems listed in Table 1 [8-20], the simulated results show
relatively good system performances. This suggests that, for the weather
conditions in London, IX-SAASHPs can be a promising choice for SH and
HW. 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 the similar
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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
[71, 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 the three systems, the space heating takes account of around
67% of the total heat demand. This suggests that, although SH takes a
shorter period of time, it is more important than HW in domestic heating
sector. To make the domestic heating sector greener, advanced tech-
nologies 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 cost, it is important to improve HP technologies for
higher COP such as using high efficient compressor, suitable refrigerant
and heat exchangers with enhanced heat transfer and optimised design.

6.5. Economic analyses

To evaluate the economic performance of IX-SAASHPs, under net-
zero target in the UK, economic analyses are conducted for IX-
SAASHPs, electric water heater and gas boiler, as well as electric heat-
er and gas boiler boosted SHW systems.

For economic analyses, the total energy consumption of the heating
systems, Qot, is calculated by Eq. (8):

Oiot = (Qsh + Onw — Qeed/N

where Qe is the clean energy (extracted from solar and ambient air

(¥
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Fig. 13. Variations of daily averaged COP of the HPs in three systems over a heating season.

sources) used by the heating system and n is the efficiency of the electric
water heater and gas boiler.

The payback period, Ppp, is defined on the basis of electric water
heater by Eq. (9):

Ppb = Ci/Cspy ©)]

where C; is the initial cost difference and Cgyy is the cost saving per year
calculated by Egs. (10) and (11), respectively.

Ci = Cip — Cien (10)

Cspy = Co0 — Coeh an

where Cjp and C, are the initial and operation costs of the heating
system, respectively, Cieh and Coep, are the initial and operation costs of
the electric water heater.

The efficiencies of the electric water heater and gas boiler are taken
from [24] 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 pro-
vision 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
the purpose of economic analysis of the heating systems.

The current energy prices are taken from E.On Energy (a UK energy
suppler) to be £212.17 per MWh for electricity and £ 41.18 per MWh for
gas (prices in April 2021) [25]. According to the “balanced pathway”
scenario for net zero emission of greenhouse gases by 2050 in the UK,
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the electricity generation costs via nuclear and gas with carbon capture
and storage will be £85 and £80 per MWh and the sales of gas boilers will
be phased out by 2033 [2]. Wind and solar will provide 80% of elec-
tricity generation with a cost of £43 per MWh by 2035. Therefore, the
electricity price is expected to be £51.4 per MWh by 2035. 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 m?,
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 [26]. All the three heating systems
have a capacity of 8 kW. The systems are estimated to be easy to connect
to current space heating and water heater. The installation costs are
assumed to be 3 h for SHW systems and 6 h for SAASHPs with a cost of
80 per hour [27].

The results of economic analysis for 2021 and 2035 are listed in
Tables 8 and 9. As the electricity price will decrease by 75% by 2035, the
payback period will be 4 times as that today. 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 1.5 times as 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 cost than electric water
heater and electric heater boosted SHW. Furthermore, since the initial
cost can be partly covered by the UK Green Homes Grant [28], the
parallel and dual-source IX-SAASHPs are of high potential value of ap-
plications in the UK.
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Fig. 14. Variations of daily SPFsys and SPFyp over a heating season.

Table 7
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
Electricity consumption (kWh) SWHP 1705.7 0 449.2
ASHP 0 2136.9 1737.7
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
SPFup SWHP 4.1 0 5.1
ASHP 0 3.8 3.8
COPyye 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
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Table 8

Energy Conversion and Management 252 (2022) 115061

Results of economic analysis for electric heater, SHW and IX-SAASHP heating systems (2021)

Electric water Gas Electric heater boosted Gas boiler boosted Serial IX- Dual-source IX- Parallel IX-
heater boiler SHW SHW SAASHP SAASHP SAASHP
Heat provision per year, 11.19 11.19 11.19 11.19 10.82 + 0.37 11.19 11.19
MWh
Efficiency/performance 0.95 0.85 0.95 0.85 SPF=5.5,095 SPF=4.4 SPF = 4.5
Energy consumption per 11.8 13.2 7.2 8.0 2.1 2.2 2.2
year, MWh
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 3020 2975 11,630 4135 3380
Operation cost, £ 2499.1 542.1 1447.2 313.9 443.1 475.9 463.9
Cost saving per year, £ - 1957.0 1051.92 2185.2 2056.1 2023.2 2035.2
Payback period, year - - 2.1 1.0 5.4 1.7 1.4

Table 9

Results of economic analysis for electric heater, SHW and IX-SAASHP heating systems (2035)

Electric water heater

Electric heater boosted SHW

Serial IX-SAASHP Dual-source IX-SAASHP Parallel IX-SAASHP

Heat provision per year, MWh 11.19 11.19
Efficiency/performance 0.95 0.95
Energy consumption per year, MWh 11.8 7.2
Initial cost, £ collector 0 540
tanks 870 2320
Heater/HP 60 60
pumps 0 20
Installation 0 240
total 930 3180
Operation cost, £ 606.0 367.9
Cost saving per year, £ - 254.8
Payback period, year - 8.8

10.82 + 0.37 11.19 11.49
SPF = 5.5, 0.95 SPF = 4.4 SPF = 4.5
2.1 2.2 2.2
1350 540 540
9570 2320 2320
460 + 60 1085 330
30 30 30
480 480 480
11,950 4455 3700
107.2 115.4 112.5
498.1 490.1 493.0
22.1 7.2 5.6

7. Conclusions

In this work, TRNSYS has been used to simulate the operation per-
formances of serial, parallel and dual-source IX-SAASHPs for SH and HW
in London. The economic analysis has also been conducted to forecast
the market of the IX-SAASHPs under the energy scheme predicted for
net-zero carbon emission by 2050 in the UK. The following conclusions
can be drawn:

1. All the 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 avail-
ability of solar irradiance. Since the solar energy is the sole heat
source of the serial system, it requires large sizes of the solar collector
and TES tanks, resulting in high installation cost and longer payback
period.

3. The parallel IX-SAASHP has the simplest pipe connection and control
function. It shows the highest SPFys and the most stable operation
performance.

4. The dual-source IX-SAASHP shows 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 5.6 year
and the dual-source IX-SAASHP has a payback period of 7.2 years.
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