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Solar assisted heat pump systems have been widely applied in domestic hot water productions due to their
sustainability and stability in operations. However, their performance efficiency requires further improvement
using advanced technologies such as energy storage with phase change materials (PCM) and optimal system
controls. Accordingly, a test rig of a new indirect solar assisted heat pump (IDX-SAHP) system has been designed, built and instrumented. The IDX-SAHP system consists of three operational loops: solar thermal, solar
assisted heat pump and load profile. A PCM heat exchanger tank was purposely designed and installed in the
system solar thermal loop to store solar energy, when applicable, and release heat when required by the heat
pump. In addition, an air cooling heat exchanger was also installed in the solar thermal loop to absorb heat
from the ambient air for the heat pump. A detailed control strategy has been designed and implemented for the
system for efficient operation in different modes and maintain constant load supply water temperature during
an operational day. In different weather conditions of sunny and overcast, comprehensive measurements were
carried out on the test rig and system structures with and without the PCM tank. Test results showed that the
system could efficiently meet the daily domestic hot water demand and the PCM heat exchanger integration
exerted a significant effect on system stability and performance efficiency. Quantitatively, the average COP
of the IDX-SHAP system with a PCM tank could increase 6.1% and 14.0% on sunny and cloudy days respectively compared to systems without PCM tank integration.

D

ARTICLE INFO

EC
TE

Keywords:
Solar assisted heat pump
Domestic hot water production
PCM heat exchanger
Experimental investigation and controls

Subscripts

⁎

CO

PCM
Q
SAHP
T
TEV
ΔT
W
WFC
WST
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1. Introduction
In the UK, up to 50% of national energy is consumed for heating purposes by direct burning of fossil fuels, in particular natural gas
(IEA, 2007). The extensive consumption of fossil fuels or natural gas
has caused significant atmospheric pollution, global warming, rising
energy costs and threatens future energy shortage. In such circumstances, meeting CO2 emission reduction targets remain a challenge
for the country if alternative energy resources or technologies cannot
be applied for heating. The heating demand can be met by green technologies and advanced systems such as a solar thermal, air-water heat
pump, geothermal heat pump and their integrations. Solar domestic
water heaters (SDWHs) have been increasing in popularity in the UK
and other countries worldwide and can greatly save energy for water
heating in the summer (Freeman, 1997). However, the large temperature difference between the solar collector and ambient temperatures
during winter has greatly reduced system performance such that assistant heaters such as gas, wood boilers or electric heaters must be
added (Weiss, 2003; Ayome et al., 2011). The air source heat pump
water heaters are compact, simpler and economic but also work less
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experimentally validated which could supply space heating, cooling
and domestic hot water (DHW) by switching different operating
modes on/off as required (Wang et al., 2011). The heating mode was
implemented in a dual source system while the space cooling was
achieved via a liquid to the air heat exchanger installed indoor. It
was recommended that system performance could be further enhanced
over the winter in areas where higher solar irradiances were available.
A feasibility analysis of a dual tank IDX-SAHP system was conducted
and compared with a traditional thermal solar system using numerical simulation (Sterling and Collins, 2011). The analysis outcomes
also verified that dual tank was the most efficient configuration of
the IDX-SAHP systems and the greatest potential to be applied into
a SAHP system for DHW. This led to an experimental investigation
of multi-configuration SAHPs (Banister et al., 2014a, 2014b), which
could be used to validate the numerical methods and control strategy
to be developed and reliability of the systems. The study was effective
in identifying the modes of operation and further numerical validation with focus on thermal storage stratification (Banister et al., 2014a,
2014b).
Of these IDX-SAHP systems, the parallel and dual source are
preferable in terms of system operational stability. However, the solar storage tank performance, control strategy, system efficiency and
component compactness need to be further improved. For a conventional solar water storage tank, stratification remains a big issue, with
an impact extending to system controls, theoretical analyses and overall system performance. Alternatively, a phase change material (PCM)
such as organic paraffin wax may be a better substitute for use in the
solar energy storage tank when considering its thermal stability and
resulting tank compactness, although further verification is needed
(Sharif et al., 2014; Farid et al., 2004).
In this paper, a new IDX-SAHP test system was designed, installed and instrumented. A PCM storage heat exchanger tank and an
air-source heat exchanger were purposely built and installed in the
system solar thermal loop and connected to the heat pump evaporator. Subsequently, the heat source from either solar energy or ambient air can be applied for the heat pump. In addition, a control strategy for the system was purposely designed and implemented so as to
determine the optimal operation of the IDX-SAHP system. Comprehensive experimental investigations were carried out in the test rig to
evaluate and compare system operation and performance in different
weather conditions and structures with and without PCM tank installations. The research outcomes can lead to the optimisation of future
system designs and controls.
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efficiently over the cold winter period (Aguilar et al., 2005). These
situations may be improved with the integration of geothermal heat
sources, as heat is being drawn from the warmer earth in winter. However, the high capital costs and property alterations expected for these
geothermal heat pumps make them less attractive for existing homes
(Aguilar et al., 2005). Of these alternative substitutes, a Solar Assisted
Heat Pump (SAHP) system has been deemed the more feasible option
when taking into consideration important factors such as cost, application area limitation and constant water heating production etc. (Eicher
et al., 2012).
The combination of solar energy and heat pump technology can
be classified into two categories: direct expansion solar assisted heat
pump (DX-SAHP) and indirect expansion solar assisted heat pump
(IDX-SAHP) (Chen and Yu, 2017). For a DX-SAHP system, the solar collector also acts as the evaporator of the heat pump unit, thereby
making the system more compact but requiring greater heat pump
working fluid charge (Facão and Carvalho, 2014). In addition, when
there is insufficient solar radiation, the solar collector/evaporator cannot absorb enough heat required by the heat pump and thus negatively affect system performance (Sun et al., 2015). On the other hand,
with an IDX-SAHP system, solar radiation transfers heat to water flow
through the solar collector and then provides heat to the heat pump
evaporator. In such circumstances, the working fluid charge in the heat
pump can be greatly reduced. The IDX-SAHP can also be further classified into three design layouts based on different heat source arrangements: series, parallel and dual source (Kamel and Fung, 2014). For a
series IDX-SAHP system, the solar energy is collected by a solar collector and stored in a water storage tank which is used as the only heat
source for the heat pump. Solar heat sources may be insufficient for
meeting building heating demands in certain weather conditions and
time periods. A SAHP system used for mushroom drying was experimented which was relatively similar to the series IDX-SAHP scheme
for space heating (Şevik et al., 2013). The COP of the system fluctuated between 2.1 and 3.1 and the study demonstrated that heat pump
performances greatly improve with the addition of solar energy. In addition, a series IDX-SAHP system used for space heating in Turkey
was experimented (Bakirci and Yuksel, 2011). When solar gain was
available, the solar energy was first stored in a storage tank and then
passed to the heat pump evaporator through a heat exchanger installed
inside the tank. In cloudy or night mode, the energy was extracted directly from the storage tank to the evaporator. The average COP of this
system was 2.9. However, research outcomes showed that improvements in system performance were limited by storage tank designs and
configurations.
For a parallel IDX-SAHP system, a conventional solar system operates in parallel with an air source heat pump such that the heat pump
operation is independent of solar energy availability. Therefore, the
building heating load can be met by either the solar energy or air
source heat pump. A parallel SAHP system was simulated and compared the system performances with both ground and air source heat
pumps (Carbonell et al., 2014). The ground source heat pump appeared promising in terms of absolute electricity saving when paralleled with solar energy. For any of the applicable heat pump systems,
CO2 working fluid is a feasible option considering its environmentally friendly behaviours, superb thermophysical properties and system compactness etc. (Deng et al., 2011).
For a dual source IDX-SAHP system, two heat pump evaporators
are installed and utilised with different heat sources. One is installed
inside the solar storage tank to collect solar energy and the other outside the building to absorb heat from ambient air. One evaporator
will be controlled to operate within the system if it produces a higher
COP. A multifunctional IDX-SAHP system has been simulated and
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2. Test facility
2.1. Test rig description
The test rig of an IDX-SAHP system is shown schematically in
Fig. 1. The system was designed to be installed for a standard UK
dwelling to cover up to 350 L per day of domestic hot water (DHW).
The test system consists of a number of main components which are
numbered in Fig. 1. The evacuated tube collector was installed outdoor on a building roof and it has a total surface area of 3.021 m2 and
52° tilt angle with south facing orientation. The insulated water storage tank (WST) has a capacity of 300 L and is made of stainless steel
with two coils immersed inside: one for direct solar thermal operation
and the other for the IDX-SAHP system. There is also a phase change
material (PCM) heat exchanger tank installed to store excessive solar energy during day-time operation. The PCM (Organic PCM, Paraffin) has a melting point of 17 °C with a mass of 30 kg charged in the
heat exchanger tank. The energy stored in the tank is designated to be

3

RR

EC
TE

D

PR
OO
F

Solar Energy xxx (2017) xxx-xxx

Fig. 1. Test rig layout.
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used as heat source for the heat pump during the night or when the solar irradiance during the day is poor. The heat pump uses R134a as refrigerant and consists of typical components and accessories such as a
compressor, liquid-cooling plate evaporator, liquid-cooled plate condenser, thermostatic expansion valve (TEV), filter, receiver, and sight
glass etc. To clearly demonstrate the test rig and the PCM heat exchanger tank in the system, their photos are shown in Fig. 2 in which
some main components in the test rig and detailed PCM structures are
indicated.
The solar collector operates periodically between two loops. The
first one is a direct solar thermal loop which is applied to produce hot
water completely from solar energy through the solar collector and
transport the hot water to the WST, similar to any traditional solar
thermal system. This loop will work independently if the solar irradiance is sufficient to heat up the WST. In the second loop, the solar collector operates as a heat source for the IDX-SAHP. This applies when the solar irradiance is not sufficient to heat up the WST directly but it is enough to act as a heat source to the heat pump through
the liquid-cooling evaporator and/or to charge the PCM tank when the

heat pump is not switched on. In the case of insufficient solar irradiance or deficient energy stored in the PCM tank, heat source from ambient air through an air-water heat exchanger (AWHX) will be applied
for the heat pump. The designed capacity of the AWHX is 10 kW and
the power consumption of its electric fan is 0.5 kW. To ensure successful operation, the AWHX is installed at the supply water pipe of
the solar collector just prior to the PCM heat exchanger tank. For the
IDX-SAHP system, the WST is heated up through its internal bottom coil which is connected to the liquid-cooled condenser of the
IDX-SAHP. The operations of these two loops are controlled automatically by two motorised valves which are described in Section 2.3. The
heat transfer liquid used in either evaporator, condenser or the solar
thermal loop is a mixture of 30% Ethylene Glycol and 70% water with
a freezing temperature of −15 °C.
There is also an addition loop called load simulation loop which
includes an expansion tank, a water fan cooler (WFC) and a water
pump connected to WST. Since it is hard to implement the experiment in an actual dwelling, the load simulation loop has been purposely constructed in order to simulate and establish a standard UK
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Fig. 2. PCM tank design and test rig setup.
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DHW load demand and weather condition. The operation modes can
be classified as below:
Solar and PCM Charging Modes: In these two modes, the system works as a conventional solar thermal system to cover the DHW
load demand and simultaneously charge the PCM tank when applicable. These two modes operate in the same loop which has the following sequence:
Solar collector → V19 (after the solar collector, left port open
and down port closed to bypass the AWHX) → PCM tank → expansion tank → V19 (after the PCM tank, right port open and down
port closed) → WST middle immersed coil → V18 (open) → pump 7
(on) → flowmeter → solar collector.
IDX-SAHP Mode: In this mode, the heat pump will take responsibility to meet the DHW load demand. It consists of three related
circulation loops: condenser, heat pump and evaporator loops. In the
condenser loop, the glycol water is the heat transfer fluid circulating
around the heat pump condenser water side and the bottom immersed
coil of the WST. The circulation of this loop operates in the following
sequence:
Pump 9 → condenser (water side) → WST bottom immersed
coil → flowmeter → pump 9.
In the heat pump loop, the heat is extracted from the heat source
and delivered to the heat sink via a vapour compression heat pump cycle. The refrigerant in the cycle circulates in the following sequence:
Compressor → condenser (refrigerant side) → receiver → sight
glass → filter → TEV → evaporator (refrigerant side) → compressor.
In the evaporator loop, one of the following applicable loop circulations can be selected and controlled based on relevant heat source
utilisation:

2.2. Test rig operation modes
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dwelling hot water consumption profile during a long typical day
(EST, 2008). Based on the designed load profile, the circulation pump
speed is controlled accordingly by an inverter in order to modulate the
required feed water flow rate to the storage tank. This can be implemented by controlling the pump motor frequency as it is directly proportional to the water flow rate. In the meantime, as shown in Fig. 1,
the feed water temperature at the WFC outlet is controlled by the water cooler’s fan speed and is maintained as low as ambient air temperature. One of novelties of this study is that a fully automated control
strategy by building management system (BMS) was deployed in order to maintain the outlet WST temperature at 55 °C by controlling
consequently with each operational mode. This can contribute significantly to facilitate further development and actual system application.
To measure extensively the performance of the system and its main
components, a number of temperature sensors from T1 to T16 indicated in Fig. 1 were installed in the system. A thermocouple T6 was
inserted and installed in the middle of the PCM tank to measure the
PCM temperature T-pcm. In addition, two pressure transduces were
installed respectively at the inlet and outlet of the heat pump compressor. The measurements also included the water flow rates of solar thermal loop after pump 7 and heat pump condenser water loop after pump
9, and the power consumptions of compressor, AWHX fan and water
pumps 7 and 9. The detailed specifications and accuracies of the main
measurement instruments used in the system are listed in Table 1.
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In order to increase the system efficiency, the system should utilise
the solar energy as much as possible corresponding to the

Table 1
Main measurement instruments used in the experimental system.
Parameters

Type

Temperatures
Pressures
Flowmeter
Solar irradiance
Power meter

Thermistor 10 K
Pressure Transmitter
Pulsed Screwed Water Meter
Pyranometer
Power Quality Analyser

Range

Accuracy

−55 to 125 °C
−1 to 34 bar
35–7000 L/h
0–2000 W/m2
0–20 MW

±0.1 °C
±0.3%
±5%
±10 W/m2
±1%

(1) AWHX is off- this operation will be enabled if there is enough
heat source from solar energy of either solar irradiance or the
PCM tank. The circulation of this loop operates in the following
sequence:
Solar collector → V19 (after the solar collector, left port open
and down port closed to bypass the AWHX) → PCM tank → expansion tank → V19 (after the PCM tank, right port closed and down
port open towards the evaporator) → evaporator (water side) → pump
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(2) AWHX is switched on-this operation will be enabled if there is no
enough heat source from either solar irradiance or the PCM tank.
The circulation of this loop operates in the following sequence:
Solar collector → V19 (after solar collector, left port closed and
down port open towards the AWHX) → air-water heat exchanger
(AWHX) → PCM tank → expansion tank → V19 (after PCM tank,
right port closed and down port open towards the evaporator) → evaporator (water side) → pump 7 → flowmeter → solar collector.
It should be noted that in Fig. 1 two bypass- ball valves 5 were
installed respectively at the inlet and by-pass pipes of the PCM tank.
These two valves are utilised and controlled to measure and compare
the performance of system with and without PCM tank integrated.
2.3. System control strategy
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As shown in Fig. 3, the system control strategy has been purposely designed to maintain the water temperature at the middle of
the WST (T8) at 55 °C with ±2 K dead band during a 24-hour opera

tional day. If the T8 is less than its permitted lower value (53 °C),
the control will check the instant solar irradiance G and the supply
water temperature (T4) to the WST. If there is no enough solar irradiance (G < 500 W/m2) and the T4 is less than T8, the IDX-SAHP
should be switched on. The control will then check the applicable heat
source for the IDX-SAHP. If G is greater than 190 W/m2 or PCM tank
temperature T-pcm is larger than 16.5 °C, either the solar irradiance
or heat stored in the PCM tank can be used as the heat source such
that the AWHX should be turned off. Otherwise, the AWHX needs
to be switched on considering of a specific dead band for each parameter so that the ambient air can be utilised as the heat source. On
the other hand, if the solar irradiance is sufficient (G > 550 W/m2) or
T4 is greater than T8 plus 2 K dead band, the IDX-SAHP should be
off and the solar mode will be on. When the T8 is controlled within
the setting point band (55 ± 2 °C), the system maintains its operating
state. If T8 is above its higher band, the control will switch off the
whole system if the PCM tank is not applied. Otherwise, it needs to
determine if the PCM tank needs to be charged by assessing the PCM
tank temperature (T-pcm) and water temperature at the solar collector
outlet (T2). If the T-pcm is less than 17 °C, the PCM charging mode
needs to be turned on when T2 is greater than 21 °C, otherwise, the
whole system will be off (2 K dead band for T2). Alternatively, if the
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7 → flowmeter → solar collector.

5

Fig. 3. Flow chart of system control strategy.
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2.4. Experimental procedure

2.5. Thermodynamic analysis

The mass flow rate of refrigerant is calculated by the energy balance of water and refrigerant sides across the condenser assuming
there is no heat loss to ambient:
(1)

The thermo-physical properties of R134a used for thermodynamic
analysis are calculated using Engineering Equation Solver (EES®)
(Klein, 2014).
The heating capacity of the system in IDX-SAHP mode is calculated based on water side inlet and outlet parameters of the condenser:
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In order to examine experimentally the effect of the PCM tank
on system stability and performance, four test days have been conducted in 24 hours each at four combined climate conditions and PCM
integrations. These included sunny with and without PCM tank and
cloudy with and without PCM tank. As shown in Fig. 4, the solar
irradiances during two sunny test days with and without PCM tank
were almost steady with maximum values of 621 W/m2 and 625 W/
m2 respectively while the irradiances during those two cloudy test
days had too many fluctuations. It is also noticed that the solar energy was only available during day time when the solar irradiance was
greater than zero. Figs. 5 and 6 show the variations of ambient and
WST load feed water (T9) temperatures during all these four test days.
It should be noted that all temperature, power, irradiance and pressure logging data were based on five minutes interval whereas any
other logging data was based on the change of each sensed value.
As explained earlier, the feed water supply to the WST is mainly
from domestic tape water. Therefore, the minimum temperature it
could achieve was the same as the ambient temperature due to the
heat transfer limitation of the WFC. Fig. 7 shows the feed water flow

rate or load profile supplied to the WST for each operational day. Each
flow rate was controlled by a variable circulation pump speed which
was regulated by BMS according to the specified load profile (EST,
2008). It is seen that the load profile for each test day was controlled
almost the same with each other which of course should be independent on weather conditions and system designs.
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T-pcm is greater than 17 °C and less than 19 °C, nothing will be
changed. However, if the T-pcm is higher than 19 °C, the whole system will be off.
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Fig. 4. Variations of solar irradiances during four test days.

(2)
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Fig. 5. Variations of ambient and feed water temperatures during two sunny test days.

The heating COP of the system is calculated with the ratio of the
total heating capacity to the total power consumption of the system:

3. Experiment findings and discussions

RR

(3)
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Based on the proposed system control strategy described previously, experimental investigations were carried out on the IDX-SAHP
system during those four test days and some of the test results are
demonstrated and evaluated in this section. As illustrated in Figs. 8
and 9 for the temperature development inside the WST, the system
could meet the DHW demand by supplying hot water flow from the
WST top with temperatures between 52 °C and 57 °C during all these
four test days. To understand clearly the system controls, the variation of water temperature from the PCM tank outlet (T4) is also
presented in each plot. As indicated in Fig. 3, the temperatures of
T8 and T4 and solar irradiance will determine the operation of the
IDX-SAHP. It is observed that for each test day around 8 am there
was a big temperature drop at the tank bottom (T7) before the water temperature T8 dropped below the lower band of its setting point.
This abrupt decrease in the bottom tank water temperature T7 was due
to the starting of DHW load demand in the morning on that day as
shown in Fig. 7. Meanwhile, the feed water temperature for each operational day was different due to various ambient air temperatures.
Consequently, there were different lowest bottom tank water temper

atures for these four test days. To fully understand the system performance, the test results of these four operating days are explained separately in the following parts.
For the sunny test day with PCM tank, the compressor started at
midnight with no heat stored in the PCM tank as the PCM temperature (T-pcm) inside the PCM tank was 14.5 °C, as shown in Fig.
10, which was below its melting point. That resulted in switching the
AWHX on during that period to utilise the heating source from the
ambient air, as shown later on in Fig. 14. The heat pump compressor operated until 2:05 pm when T8 was higher than 57.0 °C and the
system then started in PCM charging mode. During this period the
maximum value for the total power consumption, condenser capacity and COP were 2.2 kW, 9.632 kW and 4.7 respectively as shown
in Figs. 11, 12 and 13 each. The PCM charging mode operated until 8:20 am when T8 started to drop below 53 °C and the heat pump
compressor was switched on again. Up to that point, the PCM inside the tank was still not charged significantly since its temperature was only at 12.8 °C such that the AWHX needed to operate.
The AWHX operated until at 8:35 am when the solar irradiance G
reached above 190 W/m2 and could be utilised as the heat source for
the IDX-SAHP. Correspondingly, at that instant, the system power
consumption thus dropped abruptly and the COP increased sharply, as
shown in Figs. 11 and 13 respectively. After that the system power
consumption and condenser heating capacity increased gradually but
COP varied. The heat pump compressor kept running until at 12:20
when T8 started to be higher than 57 °C again. During this period, the
PCM temperature T-pcm started to drop to its minimum temperature
at 8.3 °C at 9:10 am since the AWHX was on at the beginning. The
T-pcm was then picked up at different rates when the AWHX was off
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Fig. 6. Variations of ambient and feed water temperatures during two cloudy test days.

Fig. 7. Variations of load profiles during all four test days.

UN

and more solar irradiances were available. These included significant 8.7 °C increase from 9:10 am to 10:50 am due to sensible PCM
heating process and only 1 °C increase from 17 °C to 18 °C at the
time period between 10:55 am and 12:05 because of latent PCM heating process involved. At 12:05, the PCM was totalled melted and
from there only sensible PCM heating existed such that the T-pcm increased abruptly from 12:05 to 12:20. From there, the whole system
was shut down since the T-pcm was higher than 19.0 °C. The tank
water temperature at T8 thus started and continued to drop to below
53.0 °C at 13:40 when either IDX-SAHP or solar mode needs to be

controlled. From that time as shown in Fig. 8, although the solar irradiance G was higher than 500 W/m2, the water temperature T4 was
still lower than T8 such that the IDX-SAHP mode was on and the
AWHX was off due to the higher G values. Meanwhile, the PCM
temperature T-pcm had a big jump due to the high temperature from
the solar collector outlet and the PCM sensible heating process. The
T-pcm then followed the changes of the solar collector outlet water temperature and the PCM absorbed and released heat respectively
to the water flow depending on the temperature differences between
these two temperatures. Correspondingly, from 19:15 the water re
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Fig. 8. Variations of WST water temperatures and temperature T4 during two sunny test days.
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ceived heat from the heat stored in the PCM tank. The system was
switched off at 14:55 when T8 was above 57 °C and the T-pcm was
higher than 19 °C. After that, the IDX-SAHP had two on periods staring at 16:45 and 23:10 respectively when T8 were both lower than
53.0 °C and one off period starting at 18:25 when T8 was above 57 °C.
It is noted that the AWHX was always off during this period since the
T-pcm was continuously higher than 16.5 °C.
For the cloudy test day with PCM tank, the same control strategy
shown in Fig. 3 would be follow. As shown in Fig. 9, from midnight
the system was continued off until at 4:45 am when the water temperature T8 dropped below 53.0 °C. After that, the heat pump compressor
had three times running periods and three times off periods due to the
variations of T8, as shown in Fig. 15. Meanwhile, there were still two
longer and one shorter on periods for the AWHX considering of the
corresponding lower solar irradiances and lower T-pcm then. Subsequently, the variations of system power consumption, heating capacity
and COP could be found from Figs. 11, 12 and 13 respectively.
For the sunny test day without PCM tank, the system operation
on or off was dependent only on the water temperature T8 and any
changes of T-pcm shown in Fig. 3 would be ignored. As shown in Fig.
8, from midnight the system was continued off until at 8:00 am when
the water temperature T8 dropped below 53.0 °C. After that, the heat
pump compressor had four times running periods and four times off
periods due to the variations of T8, as shown in Fig. 14. Meanwhile,
there were still two longer on periods for the AWHX considering of
the corresponding lower solar irradiances then.
Similarly, for the cloudy test day without PCM tank, the system
operation on or off was dependent only on the water temperature T8

and any changes of T-pcm shown in Fig. 3 would be ignored. As
shown in Fig. 9, from midnight the system was continued off until at
0:45 am when the water temperature T8 dropped below 53.0 °C. After that, the heat pump compressor had four times running periods and
four times off periods due to the variations of T8, as shown in Fig. 15.
Meanwhile, there were still three longer on and a number of shorter on
periods for the AWHX considering of the corresponding lower solar
irradiances then.
Respectively, for the cloudy days with and without PCM tank, the
variations of system power consumption, heating capacity and COP
could be found from Figs. 11, 12 and 13 respectively.
In summary, the total system power consumption, heating capacity
and COP are calculated based on measurements for each of these test
days and listed in Table 2. It is noted that the heating capacity is the
same as the energy input to the WST for each test day. From the measurements, the heating capacities (energy inputs) for three test days
were quite similar to each other considering the similar load profiles
and feed water temperatures as shown in Figs. 5, 6 and 7. However,
the heating capacity (energy input) on the ‘Sunny day without PCM’
was relatively low considering the higher ambient and feed water temperatures on that day as shown in Fig. 5. From the table, although the
total power consumptions and heating capacities varied with different
test days, the sunny day with PCM had the maximum COP of 4.99, the
COP on cloudy day with PCM the second at 4.80, the COP on sunny
day without PCM the third at 4.70 while the COP on cloudy day without PCM the least at 4.21. The test results can demonstrate that the
system performance can be significantly improved on various weather
conditions if the PCM tank could be integrated.
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Fig. 9. Variations of WST water temperatures and temperature T4 during two cloudy test days.

Fig. 10. Variations of PCM tank inside temperatures during two test days.

4. Uncertainty analysis

UN

Taking into consideration the uncertainty of the experiment measurements including the water/glycol mass flow rates, temperatures,
power consumptions and pressures, the average uncertainties are calculated for all test days by aid of the Engineering Equation Solver
(EES) software (Klein, 2014), which are ±9.32%, ±9.28% and ±9.31%
for the COP, the heating capacity and the refrigerant mass flow rate,
respectively. The uncertainty values are relatively high as the calculations are based on heat balance between the water/glycol and refrigerate sides.

5. Conclusion
A new IDX-SAHP test system has been designed, built and instrumented. There are three operational loops in the system including
solar thermal, IDX-SAHP and load profile. A PCM heat exchanger
tank was purposely designed and installed in the system solar thermal
loop to absorb and store solar energy when applicable and release heat
when required. The PCM tank was more compact and efficient comparing to conventional water storage tanks used in IDX-SAHP systems. In addition, an air cooling heat exchanger was selected and also
installed between the solar collector and the PCM tank in the solar
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Fig. 11. Variations of system power consumptions during four test days.
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CO
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thermal loop. It was controlled on when ambient air heat source was
needed for the IDX-SAHP. A control strategy was intentionally designed and implemented with building management system so as to
maintain constant temperature of hot water production and ensure high
efficient system operations. Comprehensive measurements were carried out for four test days with different weather conditions (sunny
and cloudy) and system structures (with and without PCM tank). The
experimental results show that the designed IDX-SAHP system can
meet the daily hot water load demand with constant hot water supply

irrespective of weather conditions and system structures. In addition,
the IDX-SAHP system could have various performance improvements
at different weather conditions when PCM tank was integrated. Quantitatively, the average COP of the IDX-SHAP system with PCM tank
could increase 6.1% and 14.0% on sunny and cloudy days respectively
comparing to those systems without PCM tank integrations. These are
based on the weather conditions for different test days illustrated in
this paper.

Solar Energy xxx (2017) xxx-xxx

EC
TE

D

PR
OO
F

12

UN

CO

RR

Fig. 12. Variations of system heating capacities during four test days.
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Fig. 13. Variations of system COPs during four test days.
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Fig. 14. Variations of compressor and AWHX fan control signals during two sunny test days.
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Fig. 15. Variations of compressor and AWHX fan control signals during two cloudy test days.
Table 2
System performance for four test days.
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