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A multi-functional heat-pump system utilizing the ambient air and gray water as heat source and sink
has been optimized for heating and cooling of residential buildings, respectively. This optimization is
made based on an existing prototype of the multi-functional heat pump system in the authors’ previous
study [1,2]. The optimized prototype consists of a heat pump system and a hot water supply system. The
prototype is set in two environmental chambers that they simulate the outdoor and indoor environments,
respectively, for performance testing. The system was designed to allow four combinations of a water-
source evaporator and an air-source evaporator acted as heat sources in space and/or hot water heating
modes. The four combinations consist of (a) air-source-only, (b) water-source-only, (c) air-and-water-
sources-in-parallel, and (d) air-and-water-sources-in-series, in the refrigerant cycle. In this paper, the
drawbacks of the initial prototype in heating mode are discussed and the modifications are proposed. The
results show that the performance of optimized prototype superior to that of initial one. The optimized
multi-functional heat pump system, compared with initial prototype, can be more practical and provide
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significant energy savings in space heating and hot water supply.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Heat pumps are popular for heating and cooling applications.
Ground source, air source, combining solar energy and geothermal
heat pump were proposed by numerous researchers [3]. Ambi-
ent air is an excellent source in terms of availability, thus air
source heat pumps are widely used and comparably low initial
cost. Compared with other heat sources, air source generally has
two problems: (1) the absolute temperature level compared with
most other heat sources is relatively low and (2) the annual temper-
ature variation makes the heat output characteristics for the heat
pump become quite opposite to the desired one, i.e. low capacity
when it is cold outside [2]. Solar source is green and free energy
source. Kara et al. [4] and Kuang and Wang [5] applied the direct
expansion solar-assisted heat pump for space heating, space cool-
ing and hot water supply. Solar energy has the advantage of not
increasing the heat load for the earth and also be safe for the
environment and ecological [6]. Ground source can provide vast
geothermal energy thatis also green and free. Ozgener and Hepbasli
[7-9] developed a multi-function heat pump system by utilizing
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solar energy and geothermal heat. The major disadvantage of solar
source and ground source heat pumps is the high initial cost. More-
over, the heat balance of soil may be a problem for maintaining
high operational efficiency of the ground source heat pump. Gray
water, that is a type of wastewater, is discharged from buildings
which usually have a higher temperature than that of outdoor air
and freezing. Wastewater source comes from cold and hot water
usages in buildings, and thus it is an intermittent source. Numer-
ous researchers have investigated the utilization of multiple heat
sources to overcome some abovementioned weakness of a single
heat source and to improve the heat pump system performance.
Parallel and serial configurations are two fundamental configura-
tions of the heat exchangers for heat pumps with multiple heat
sources. Ito and Miura [10] study the parallel combinations of air
source and water source via experiments. They find that the system
with dual heat sources may have a higher evaporation temperature
and COP than the case of a single heat source. Liu and Bullard [11]
developed simulation models of a heat pump with multi evapora-
tors. However, there is a lack of publications found by the authors
on the series configuration of heat exchangers using different heat
sources.

In the U.S. residential buildings, the largest energy consump-
tion is space heating, followed by the water heating and the space
cooling, as shown in Fig. 1. The space heating accounts for about
45%, which is almost half of the total energy consumption in resi-
dential buildings. Water heating consumes 18% of the total energy
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Fig. 1. Residential site energy consumption in the U.S. by end-use [39].

consumption and the percentage of energy consumption for space
cooling is half of that for water heating in residential building.
Obviously, space heating, water heating and space cooling play
essential roles on energy savings. The potential energy sources (for
instance, air and water sources) have been investigated [10,12-18].
These research works have been focused on saving energy in sup-
plying hot water, and did not consider the possibility of saving
energy using integrating air conditioning and hot water supply
systems. Heat pump water heaters have disadvantages of compa-
rably low hot water production rate, large storage tank and the
requirement of extra electric backup heater [19].

Ying [20], Cook [21], Goldschmidt [22] and Toh and Chan [23]
investigated on recovery of condenser heat from the air condi-
tioner to supply hot water while providing space cooling. From their
experimental and numerical results, they observed that the COP of
the system could be increased while supplying domestic hot water
do not lower down the cooling capacity. Jiang et al. [24] further
investigated the recovery of condenser heat in air conditioners via
experiments. Substantial energy savings was confirmed by their
works. It is noted that air conditioners are only operating at some
periods of time over the year in winter and summer; however, the
daily demand of hot water is almost stationary throughout all year
around. Therefore, a major limitation for the auxiliary condenser
heat recovery system is that hot water is not always available. It is
because condensing waste heat is only available while air condi-
tioners operate in cooling mode [24]. Moreover, this kind of heat
recovery only can reclaim approximately 10-25% condensing heat
in total condense heat [25].

To improve the performance of heat pumps, previous stud-
ies have investigated the multi-functional heat pump system that
not only provides hot water but also space heating and cooling.
The research work can be divided into groups with simulations

and experiments, respectively. Techarungpaisan et al. [26] built
the steady-state model of a split type air conditioner with inte-
grated water heater. Murphy [27] developed the multi-functional
air source heat pump system which can provide space heating,
space cooling and hot water based on TRNSYS platform. Rad et al.
[28] developed a multi-functional heat pump system model that
utilizes solar source and ground source. In their study, the energy
savings of the system applied in six cities in Canada are presented. Ji
etal.[19,29] has developed a prototype system and simulation pro-
gram for an integrated domestic air-conditioner and water heater.
Hong [30] built a prototype of multi-functional solar assisted air
source heat pump system. These research works mainly focus on
the residential buildings application. Coskun et al. [31] proposed
and studied the application in industrial of a novel hybrid district
energy system utilizing geothermal and biogas. However, a multi-
functional heat pump system utilizing the heat from gray water
and with different heat source combinations is not investigated in
previous research.

This paper proposes an optimized prototype of a multi-function
heat pump system with utilizing air and gray-water heat sources
focusing on improving the overall efficiency of the energy utiliza-
tion in residential buildings. Liu et al. [1,2] has experimentally
studied the performance of an initial prototype of the multi-
functional heat pump system. An author of this paper has been
involved in the development of a gray water treating system
consisted of a simple screen, a bio-filter filled with shredded
tire chips and a membrane bioreactor for this application [32].
Through optimization of the initial prototype, current prototype
shows better performance and stability in use. In the present
study, the system performance in different functions with differ-
ent types of heat source combinations in heating mode will be
discussed.
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2. Prototype setup
2.1. Prototype description

Fig. 2 shows the schematic diagram of the prototype of the
multi-functional heat pump system. This prototype consists of a
heat pump system and a hot water supply system. The heat pump
system consists of a compressor, an accumulator, a heat exchanger
with a fan in the outdoor chamber, an indoor air handler including
a heat exchanger and a fan, a gray water tank with an immersed
heat exchanger and a refrigerant liquid receiver. The hot water sup-
ply system consists of a water pump for circulating the water in
the pipe, a 30-gallon hot water tank for storage of hot water, and
two plate heat exchangers in parallel combination or separately
used for heating hot water. This multi-functional heat pump sys-
tem can realize five functions: space heating only, space heating
plus hot water, space cooling, space cooling plus hot water and
hot water supply only. Two rooftop units (RTU) are used to control
the temperature in the outdoor chamber and the indoor chamber,
respectively.

In this system, four types of heat source combinations can be
implemented as showed in the following parts:

2.1.1. Air source only

The air-to-refrigerant (or air-source) heat exchanger in the out-
door chamber serves as an evaporator, while the air-to-refrigerant
heat exchanger in the indoor chamber works as a condenser.
The refrigerant flow directly enters the outdoor heat exchanger,
without passing through the immersed water-to-refrigerant heat
exchanger in the gray water tank.

2.1.2. Water source only

The heat source is the waste heat of gray water coming from res-
idential buildings. The water-to-refrigerant (or water-source) heat
exchanger immersed in the gray water tank works as an evaporator
and the air-to-refrigerant heat exchanger in the indoor chamber
operates as a condenser. The refrigerant flow passes through the
water source heat exchanger without going through the air-source
heat exchanger. Gray water typically has a higher temperature than
outdoor air in winter. It can improve heat pump system perfor-
mance.

2.1.3. Air and water sources in parallel (parallel source
combination)

The air-to-refrigerant and water-to-refrigerant heat exchang-
ers are arranged in parallel in the refrigeration cycle and both
serve as evaporators in heating mode. The heat exchanger in
the indoor chamber acts as a condenser. Refrigerant flow passes
through two evaporators simultaneously. This arrangement will
adjust the amounts of refrigerant flow passing through different
heat exchangers to utilize the heat in different heat sources.

2.1.4. Air and water sources in series (series source combination)

The air-source and water-source heat exchangers are arranged
in series in the refrigeration cycle. The refrigerant flow passes
through the water-to-refrigerant heat exchanger and the air-
to-refrigerant heat exchanger sequentially. In this prototype,
water-source heat exchanger is ahead of air-source heat exchanger.
The discussion of the arrangement of two heat exchangers can refer
to Liu et al. [1]. Absorbing heat from gray water is put at the pri-
ority position in this arrangement since refrigerant evaporation
normally absorbs more heat than sensible heating.

In Table 1, V1 to V6 presents labels of the six solenoid
valves, as shown in Fig. 2, installed in the heat pump system
to switch the heat source combinations. The default pos-
itions of all the valves are closed. When air source is the

only heat source, only solenoid valve V1 is opened. When the water
source is the only heat source, solenoid valve V5 is opened and the
ball valve installed at the outlet of the air source heat exchanger
is closed. When air source and water source work in parallel, V1
and V5 valves are opened. While air source and water source work
in series, only V3 valve is opened. Pump 1 presents the circulating
pump in gray water tank and pump 2 presents the circulating pump
in the hot water supply system as shown in Fig. 2.

2.2. Instrumentation and test procedure

In this prototype system, one four-way valve is installed at the
outlet of the compressor to switch between heating and cooling
modes. Six solenoid valves are used to form different heat source
combinations. There are two thermal expansion valves being used
for heating mode and cooling mode. The pressure and tempera-
ture of the refrigerant flow are measured at the locations as shown
in Fig. 2. Six pressure sensors are installed at different positions to
measure the pressure distributions of the refrigerant flow. Temper-
atures are measured with copper-constantan thermocouples and
platinum resistance thermometers. The air flow rate and temper-
ature of air flow through the air source heat exchanger are also
measured by hot wire flow meters and thermometers. An in-line
water flow meter (piston flow meter) is used to measure the hot
water flow rate. A digital power meter is used to measure the over-
all power consumptions of the compressor and the fans. All of
the above measuring processes are monitored and controlled by
a National Instruments data acquisition system which includes NI
PXle-1073, NI PXI-6224 and NI PXle-4353. The data are recorded
at each one second interval. The uncertainty analysis of the exper-
imental test can be found in Appendix.

In heating mode, this system can realize three functions, which
are (i) space heating only, (ii) space heating plus hot water supply
and (iii) hot water supply only.

2.2.1. Space heating only mode

An air handler is used to dissipate heat into the room air. The
circulation pump in the hot water supply system is turned off and
thus there is no water circulation for hot water heating. The heat
loss can therefore be neglected, when the refrigerant vapor from
the outlet of compressor passes through the plate heat exchanger.

At the space heating mode, there is no hot water supply, and the
COP of the system at any time instant (t) can be defined as

()
w(D)’

where Qj, (t) is the heat exchange rate in the condenser. W (t) is the
power of the compressor and fans. Within an operating period of
duration t, the average COP is defined as

s Qu(t)dt

[ow(yde

copy ; = (1)

COPy qyg = (2)

2.2.2. Space heating plus hot water supply mode

In this mode, hot water heating and space heating are provided
simultaneously with space heating supply in priority. The refrig-
erant vapor first passes through the smaller plate heat exchanger
for heating hot water and then goes into the heat exchanger in the
air handler for space heating. The smaller plate heat exchanger and
heat exchanger in the air handler both work as condensers. The
pump in the hot water system is turned on to maintain a constant
flow rate (10 L/min) passing through the plate heat exchanger. This
mode tries to improve the performance of the system and maximize
utilization of the energy, while minimize the effect of supplying
hot water for providing space heating. The mode especially fits
when the system is oversized or under the partial load condition.
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Fig. 2. Schematic diagram of the optimized prototype (multi-functional heat pump system).

Table 1
Heat source combination in heating mode.

Heat source combinations Opened valves

Space heating only Space heating plus hot water supply

Air source only Vi

Water source only V5 and a ball valve
Air and water sources in parallel V1 and V5

Air and water sources in series V3

Pump 1 off, pump 2 off
Pump 1 off, pump 2 on
Pump 1 off, pump 2 on
Pump 1 off, pump 2 on

Pump 1 on, pump 2 off
Pump 1 on, pump 2 on
Pump 1 on, pump 2 on
Pump 1 on, pump 2 on

In the present study, the satisfied hot water temperature is set at
48.9 +1°C according to the Building America Research Benchmark
Definition [33].

When the space heating mode and hot water supply are required
simultaneously, the system COP at any time instant (t) is given as

Qn(t) + Qp,w(t)
W(t) ’

where Qy, (t) is the heat exchange rate in the plate heat exchanger
for heating hot water. W (t) is the power of the heat pump system
includes compressor and fans. The pump power used for circulation
of hot water is neglected in the calculation due to its small power
at 30 W. Within an operating period of duration 7, the average COP
is defined as

o Qu(t) + Quw(t)dt
[fwwyde

COPy, = (3)

COPy qyg = (4)

2.2.3. Hot water supply only mode

In this mode, the fan in the air handler located in the room
is turned off. The heat loss of refrigerant flow through the heat
exchanger of the air handler can be neglected. Only hot water heat-
ing is provided. The refrigerant vapor first passes through two plate
heat exchangers in parallel combination for heating hot water and
then passes the heat exchanger in the air handler. Two plate heat
exchangers are acted as condensers. The pump in the hot water sys-
tem is turned on to maintain a constant flow rate (20 L/min) passing
through the plate heat exchanger. This mode tries to provide the
maximum ability of hot water production for hot water shortage
condition. In the present study, the satisfied hot water temperature
is maintained at 48.9+1°C.

When the only hot water supply is required, the system COP at
any time instant (t) is given as

_Qu(t) + Qnw(t)

COPy ¢ = =™, (5)

where Qy,, (t) is the heat exchange rate in the plate heat exchanger
for heating hot water. W (t) is the power of the heat pump system
includes compressor and fans. As mentioned before, the pump used
for circulation of hot water is neglected in the calculation due to its
small power at 30 W. Within an operating period of duration t, the
average COP is defined as

Qnu(t) + Quw(t)dt
Jowyde

T
COPy qyg = Jo (6)

3. Optimization analysis
3.1. Optimization plan for heating mode

This optimized multi-functional heat pump system is developed
based on the initial prototype as discussed in Liu et al. [1,2]. Fig. 2
shows the schematic diagram of the optimized prototype and the
schematic diagram of the initial prototype can be found in Ref. [1].
There are four modifications in optimized prototype from the initial
prototype. First is installing a refrigerant liquid receiver. Second is
installing a thermal expansion valve to replace the capillary tube
for cooling mode. Third is installing one more plate heat exchanger
in the hot water supply system. Forth is that installing a ball valve
at the outlet of the air source heat exchanger that works as an evap-
orator in heating mode. Details of the modification will be provided
in this section.

According to the analysis of the system performance of the initial
prototype in heating mode [1], there are existing three problems
which can degrade system performance in the heating mode.

Firstly, the refrigerant amounts required in heating mode and
cooling mode are different. The demand of refrigerant in cooling
mode is generally much larger than the demand in heating mode.
In conventional air source heat pump system for residential build-
ing, the refrigerant amount is kept at a balance point between the
demands of the heating mode and cooling mode. However, for
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multi-functional heat pump system, the system is much more com-
plicated than the conventional air source heat pump system. The
refrigerant amount used in the multi-functional heat pump sys-
tem is larger than that in the air source heat pump. The operation
conditions vary often and different operation conditions need dif-
ferent refrigerant amounts. The prototype of the multi-functional
heat pump system is developed from a conventional air source heat
pump. The suggested refrigerant amount for the originally conven-
tional air-source heat pump system cannot be used. Considering
the different demand of refrigerant in heating mode and cooling
mode, a balance point is found through the tests. However, the bal-
ance point keeps the initial prototype working but also limits the
further improvement of the prototype’s performance. Moreover,
the demand of the refrigerant amount varying sharply and quickly
during switching operation conditions and functions was observed
in the experimental tests of the initial prototype. This is because
different number heat exchangers were used in separate refriger-
ation cycle. Considering these drawbacks, a refrigerant receiver is
proposed to control the demand of the refrigerant amount during
system operation.

Secondly, according to the experimental tests of the initial pro-
totype [1], the COP of the initial prototype is very low (i.e. less than
2) under the hot water supply only mode. It is because there are
two modes in supplying hot water. They are providing hot water
and space heating simultaneously and only supplying hot water,
respectively. A plate heat exchanger cannot individually handle
these two situations. In space heating plus hot water supply mode,
one smaller plate heat exchanger is used to recover the super heat
part of the refrigerant discharged by the compressor and minimize
the impact on space heating. While in hot water supply only mode,
one larger plate heat exchanger plate heat exchanger is installed
with the smaller plate heat exchanger in parallel to utilize the whole
condenser heat and avoid causing high inlet temperature of the
compressor. At the outlet of the larger plate heat exchanger, a ball
valve is installed to control the refrigerant flow through the larger
plate heat exchanger or not.

Thirdly, the outdoor air temperature has a large influence on the
system performance under water source only on the initial proto-
type [1]. However, the COP and the heating capacity of the system
with water source only should not be theoretically affected by the
outdoor air temperature, because no heat should be absorbed from
the outdoor environment. In the initial prototype design, the sys-
tem performance is affected by several factors. On the one hand,
the heat loss of refrigerant pipes exists. On the other hand, in the
heating mode, the outlet of air source evaporator is connected with
the outlet of the water source evaporator in the initial prototype.
The temperature sensor of the thermal expansion valve is installed
after the merge point of the outlets of the air and water source evap-
orators. When the low pressure and low temperature refrigerant
vapor leave the water source evaporator, some of the refrigerant
vapor may enter to the air source evaporator and evaporates again
due to the low outdoor air temperature and the downstream pipe
resistance. It results in the outdoor air temperature affects the tem-
perature measured by the sensor and affects the refrigerant flow
rate in the initial prototype. Based on the analysis of the initial
prototype, a ball valve is installed at the outlet of air source evap-
orator when the air source heat exchanger works as an evaporator
in heating mode for optimized prototype.

3.2. Comparison of the system performance of initial and
optimized prototypes

To verify the optimized system, the performances of two multi-
functional heat pump system prototypes have been compared.
The effects of the modifications on the optimized prototype’s per-
formance are investigated. This comparison is made on typical
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Fig. 3. (a) Optimized prototype in space heating mode at outdoor air temperature
8.3 °C with various heat source combinations. (b) Initial prototype in space heating
mode at outdoor air temperature 8.3 °C with various heat source combinations.

operating conditions in space heating mode. In this compari-
son, the outdoor and indoor temperatures were at 8.3+ 1°C and
21.1+1°C, respectively, referring to the rated operating condition.
The gray water temperature was setas21.1 + 1 °Caccording to AHRI
320 [34]. Other parameters are based on the standard ANSI/AHRI
Standard 210/240 [36] and ANSI/AHRI Standard 320 [34,35].

Fig. 3(a) illustrates the coefficients of performance (COP) and
heating capacity of the optimized multi-functional heat-pump sys-
tem in space heating mode with various heat source combinations.
The “air”, “water”, “parallel”, “series” denote the air-source-only,
water-source-only, parallel source combination, and series source
combination, respectively. The parallel source combination has the
highest COP and heating capacities followed by the series source
combination. Fig. 3(b) shows the COP and heating capacity of the
initial multi-functional heat pump system. The COP with the par-
allel source combination is slightly less than that with the water
source only. But the heating capacity of the parallel source com-
bination is higher. Compared of the system performance of the
optimized prototype and the initial prototype, the COP of optimized
prototype increases 19.72%, 12.34%, 15.01% and 22.28% using air,
water, and parallel and series sources combinations, respectively.
Moreover, heating capacity of optimized prototype increases 8.72%,
4.66%, 8.73% and 19.85% using air, water, sources in parallel and in
series, respectively. The COPs and heating capacities with all heat
sources combinations are obviously improved.

Fig. 4(a) and (b) illustrates the COP and heating capacity of
the optimized multi-functional heat pump system and the ini-
tial multi-functional heat pump system in space heating plus hot
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water supply mode. The parallel source combination in both pro-
totypes has the highest COP and heating capacities. Comparing
the system performance of the optimized prototype and the initial
prototype, the COP of the optimized prototype increases 22.89%,
24.55%, 19.61% and 27.77% using air, water, sources in parallel and
in series, respectively. In addition, heating capacity of optimized
prototype increases 19.49%, 19.17%, 13.77% and 25.78% using air,
water, sources in parallel and in series, respectively. The COPs and
heating capacities with all heat sources combination have evidently
been improved.

4. Analysis of experimental results
4.1. Space heating mode

4.1.1. Effects of outdoor air temperatures on the performance of
the system

Table 2 presents that various operating conditions have been
tested with the multi-functional heat pump system in space heat-
ing mode. The experiments of four heat source combinations are
implemented at three different outdoor air temperatures. A total of
twelve experiments (i.e. three conditions and four combinations)
have been performed.

Fig. 5 shows the COP and heating capacity of the optimized sys-
tem with the four heat source combinations at the outdoor air
temperature of 15.6°C. It is observed that the best performance
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Fig. 5. Heating capacity and COP in space heating mode at outdoor air temperature
15.6 °C with various heat source combinations.
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occurs when the heat sources are still parallel. When the heat
source is water only or in series combination, the performance of
the system becomes the worst. Fig. 6 illustrates the COP and heating
capacity of the system at 1.1 °C. The COP and heating capacity with
water source only becomes the highest, and those of the system
with air source only is the lowest at outdoor air temperature 1.1 °C.
In Fig. 3(a), parallel and series sources combinations almost have
the same performance. Air source only and water source only have
similar performance. Comparing Figs. 3(a) and 5, when the outdoor
air temperature decreases from 15.6 °C to 8.3 °C, the COP of the sys-
tem with air source only drops 7.11% and the COP of the system with
water source only keeps the same. The heating capacity of the sys-
tem with air source only drops 11.75% while that of the system with
series source combination increase 0.95%. When the outdoor air
temperature is further dropped to 1.1 °C, comparing Figs. 3(a) and 6,
the COP of the system with series source combination drops 6%
while that of the system with water source only increases 2.69%.
The heating capacity of the system with series source combina-
tion drops 9.38%, while that of the system with water source only
increases 3.96%. Outdoor air temperature change has limited effects
on the system performance with water-source-only.
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Table 2
Experiment conditions for space heating.
Heat source combinations Outside Air temperature (°C) Indoor air temperature (°C) Gray water tank temperature (°C)
Air Water Parallel Series 15.6 8.3 1.1 21.1 211
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Fig. 7. The operation strategies of gray water tank.

4.1.2. Effects of water temperatures on the performance of the
system

In multi-functional heat pump system with air source and gray
water source, the gray water temperature is critical in the system
performance. Mains water plays a role in controlling and main-
taining water volume in the gray water tank as shown in Fig. 7
of Ref. [36]. In some situations, the water temperature in the gray
water tank may be below the mains water temperature. Hence the
supplemental mains water temperature may raise the resultant
temperature of the mixed water inside the tank. In this section,
the effects of gray water temperature on the performance of the
optimized prototype are discussed.

The mains water temperature in a day varies significantly
depending on location and the time of year. It can be calculated
by the equation developed by Hendron et al. [37]. In New York,
based on the calculation, the daily mains-water temperature is in
a range of 9-22.6°C and the annual mean mains-water temper-
ature is 15.8°C. In general, mains-water temperature is less than
the gray water temperature from indoor during most of the time
in winter. Lower bound energy savings have been estimated based
on an assumption of using the calculated mean mains-water tem-
perature and the lowest mains-water temperature, respectively, at
the gray water tank temperature. Heat pump system is tested at
outdoor air temperature 8.3 °C in space heating mode as shown in
Table 3.

Figs. 8-11 show the heating capacities and COPs of the
optimized heat pump system with different heating source combi-
nations at different gray water temperatures. In Fig. 8, the decrease
of gray water temperature has some positive impact on the system
performance with air source only. When the gray water temper-
ature changes from 21.1°C to 15.6 °C, COP of the system does not
change, but heating capacity of the system increase about 3.58%. If
gray water further drops from 15.6°C to 10°C, the COP increases
1.86% and heating capacity increases 1.65%. Gray water tempera-
ture change has the impacts on the system performance with air
source only may be caused by many factors, such as the pressure
distribution in air source and water source heat exchangers, which
may affect the refrigerant amount flowing to the air source heat
exchanger. Fig. 9 shows that the COP and heating capacity of the
system with water source only reduce 7.85% and 6.11% when gray
water temperature decreases from 21.1°C to 15.6°C. When the

21.1 15.6 10
Water Temperature (C)

Fig. 8. Heating capacity and COP in space heating mode with air source only at
various gray water temperature.
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Fig. 9. Heating capacity and COP in space heating mode with water source only at
various gray water temperature.

gray water further drops to 10°C, the COP and heating capacity
fall 5.84% and 10.19%, respectively. As the gray water tempera-
ture decreases, the COP and heating capacity dramatically decrease
with water source only. When gray water temperature decreases
from 21.1°Cto 15.6 °C, there is no change in the COP while heating
capacity of the system slightly increase 1.57% with parallel combi-
nationincreases (see Fig. 10). When gray water temperature further
drops from 15.6°C to 10 °C, the COP decreases 0.66% and the heat-
ing capacity increases 2.02%. It is learned from those results that
gray water temperature has limited effect on the system perfor-
mance with parallel sources combination. Fig. 11 shows that the
COP and heating capacity of the system decrease greatly as the gray
water temperature decreases with the heat source in series. When
the gray water temperature changes from 21.1°C to 15.6°C, the
COP of the system with series sources combination decreases 7.33%
and the heating capacity of the system with series combination
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Table 3
Experimental conditions of testing three gray water temperatures.

Outside air temperature (°C)

Indoor air temperature (°C)

Gray water tank temperature (°C)

8.3 21.1 21.1 15.6 10
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Fig. 10. Heating capacity and COP in space heating mode with heat sources in
parallel at various gray water temperature.

reduces 9.69%. When the gray water temperature becomes 10 °C,
the COP and heating capacity further decrease 3.36% and 5.71%,
respectively. According to the Figs. 8-11, the change of gray water
temperature has significant effects on water source only and series
sources combination, but has very limited impact on air source only
and parallel source combinations. This situation is the same as that
of the initial prototype. Compared with the performance test data
from the initial prototype, the optimized prototype has better per-
formance. Even water temperature in the gray water tank becomes
10°C, the performances of the optimized system with other three
heating source combinations are still better than the manufacture
data shown in the paper of Liu et al. [1].

Referring to Figs. 8-11, when the gray water is 21.1 °C, the sys-
tem with parallel sources combination has the highest COP and
heating capacity. The system with series sources combination has
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Fig. 11. Heating capacity and COP in space heating mode with heat sources in series
at various gray water temperature.
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Fig. 12. Heating capacity and COP in space heating plus hot water supply mode at
outdoor air temperature 15.6 °C with various heat source combinations.

the similar performance as that with parallel sources combination
does. As gray water drops to 15.6 °C, the system with parallel source
combination still has the highest COP and heating capacity while
the system with water source only has the lowest COP and heating
capacity among those four heat source combinations. The system
performance with series sources combination is only better than
that with water source only. When the gray water temperature is
at 10°C, the system with parallel sources combination maintain
the best performance among all the four heat source combinations.
The system performance with water source only is the worst at this
low gray water temperature. According to the system performance
data shown in Liu et al. [1], the system performance of the opti-
mized prototype in various gray water temperature is better than
that of the initial prototype.
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Fig. 13. Heating capacity and COP in space heating plus hot water supply mode at
outdoor air temperature 1.1 °C with various heat source combinations.
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Space heating mode
Space heating plus hot water supply mode

Heating Capacity (kW)

Air Water
Heat Source Combinations

Parallel Series

Fig. 14. Heating capacity for space heating only at outdoor air temperature 15.6 °C
with various heat source combinations.

4.2. Space heating plus hot water supply mode

Table 4 presents various operating conditions of multi-
functional heat pump systemin space heating plus hot water supply
mode. The experiments of four heat source combinations are imple-
mented at three different outdoor air temperatures. A total of
twelve experiments have been carried out.

Figs. 4(a), 12 and 13 show the COPs and heating capacities of
the system in space heating plus hot water supply mode with four
types of heat source combinations at different outdoor air temper-
atures. Referring to Fig. 12, the COP of the system with the parallel
sources combination is the highest and that of the system with the
water source only is the lowest when the outdoor air tempera-
ture is 15.6 °C among the four heat source combinations. When the
outdoor air temperature is at 8.3 °C, the COP and heating capac-
ity of the optimized system with the parallel sources combination

Space heating mode
Space heating plus hot water supply mode

Heating Capacity (kW)

Air Water Parallel Series

Heat Source Combinations

Fig. 15. Heating capacity for space heating only at outdoor air temperature 8.3 °C
with various heat source combinations.

are both the highest. At the same condition, the COP and heating
capacity of the system with air source only are both the lowest
as shown in Fig. 4(a). As the outdoor air temperature decreases to
1.1°C as shown in Fig. 13, the COP of the system with the paral-
lel sources combination and that of the system with water source
only are almost the same and superior to the system with other heat
source combinations. The COP and heat capacity with air source is
the lowest at gray water temperature of 1.1 °C. The heating capac-
ity with the parallel sources combination is the highest as shown in
Fig. 13.

Compared of Figs. 4(a) and 12, when the outdoor air temper-
ature drops from 15.6°C to 8.3°C, the COP of the system with
air source only drops 2.66% while that of the system with water
source only increases 9.32%. The total heating capacity of the sys-
tem with air source only drops 5.85% while that of the system with
water source only increases 9.18%. When outdoor air temperature
becomes 1.1°C, compared with Figs. 4(a) and 13, the COP of the
system with air source only still has the largest decrease of 11.79%
and that of the system with water source only has the least which is
5.89%. The heating capacity of the system with air source only drops
12.31% and that of the system with water source only reduces 6.15%.
Outdoor air temperature change has limited impacts on the system
performance with water source only while has the largest influ-
ences on that of the system with air source only based on above-
mentioned results with the decrease of outdoor air temperature.

4.2.1. The comparison of heating capacity in space heating

In space heating plus hot water supply mode, the heat exchanger
for heating hot water and the heat exchanger in the indoor air-
handler work as condensers. Parts of the total heating capacity
of the system are used for heating hot water via reclaiming the
superheat part of the discharged refrigerant from the compressor.

Figs. 14-16 show the comparison of the space heating capac-
ity in space heating mode and space heating plus hot water mode.
In Fig. 14, the heating capacities for space heating only in space
heating plus hot water supply mode are reduced up to 13.25%
for air source only, compared with the heating capacity in space
heating mode. As shown in Fig. 15, when the outdoor air tem-
perature is 8.3 °C, the heating capacity for space heating only in
space heating plus hot water supply mode drops up to 9.53% for
series sources combination, compared with those in space heating

Space heating mode
Space heating plus hot water supply mode

Heating Capacity (kW)

Air Water Parallel Series

Heat Source Combinations

Fig. 16. Heating capacity for space heating only at outdoor air temperature 1.1°C
with various heat source combinations.
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Table 4
Space heating plus hot water supply mode experiment conditions.
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Heater exchanger choice Outside air temperature (°C)/average Indoor air Gray water tank Hotwater tank
relative humidity of outdoor air (%) temperature (°C) temperature (°C) temperature (°C)
Air Water Parallel Series 15.6 8.3 1.1 21.1 21.1 48.9

mode. InFig. 16, the heating capacity for space heating only in space
heating plus hot water supply mode at outdoor air temperature
1.1°C drops up to 12.22% for air source only while that with par-
allel source combination has the least drop range, compared with
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those in space heating mode. The system still has larger heating
capacity for space heating, compared with the sample data pro-
vided by the manufacturer against selecting the proper heat source
combination.
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Fig. 17. Dynamic heating capacity and COP at outdoor air temperature 8.3 °C with various source combinations: (a) air, (b) water, (c) parallel, and (d) series
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Fig. 18. COP and heating capacity at outdoor air temperature 8.3 °C with various heat source combinations: (a) air, (b) water, (c) parallel, and (d) series

4.2.2. Dynamic COP and heating capacity in space heating plus
hot water supply mode

To investigate the impacts of heating water from a low temper-
ature to a high temperature on the heat pump system performance,
several experiments are carried out in space heating plus hot water
supply mode. Table 5 shows the operating conditions in this sys-
tem dynamics test. This section will discuss the heating capacity
and time usage with different heat source combinations to achieve
satisfactory hot water temperature and volume.

Fig. 17 illustrates heating capacity for space heating only and
heating capacity for supplying hot water, COP for space heating
only, and total COP (from top to bottom plots) at air source only,
water source only, sources in parallel and in series, respectively.
In the bottom plot of Fig. 17(a), with air source only, the total COP
fluctuates between around 4 and 4.8 as the hot water temperature
increases. The COP for space heating clearly increases from around
3.5 to 4.5 as shown in the second bottom of Fig. 17(a). The heating
capacity for space heating, shown in the top of Fig. 15, increases
from around 4.3 kW to 6 kW, while that for supplying hot water
decreases from around 1.7 kW to 0.5kW as the hot water tem-
perature increases. The time span is about 2 h. In Fig. 17(b), when
the heat source is the water source only, the total COP decreases
from around 5.7 to 4.7 as the hot water temperature increases.
The COP for space heating increases from 3.5 to 4.4. The heating
capacity for space heating with water source only increases from
around 4.5kW to below 6 kW. The heating capacity for supply-
ing hot water decreases from around 2.7 kW to 0.65 kW over the
time span. The time span is about one hour forty-three minutes.
Fig. 17(c) shows the total COP change over the time when the air
source and the water source are parallel, the COP for space heating
increases from around 3 to 4. The decrease rate of the total COP
is the slowest among all types of heat source combinations. The
heating capacity for space heating increases from around 4 kW to
6 kW. The heating capacity for supplying hot water decreases from

around 2 kW to around 0.3 kW. The time span is about one hour fifty
minutes. Fig. 17(d) presents the system performance with series
source combination. The total COP decreases from around 5.8 to
4.8. The COP for space heating increases from around 3.5 to 4.3. The
heating capacity for space heating increases from around 4.3 kW to
6 kW. The heating capacity for supplying hot water decreases from
around 2.5 kW to 0.6 kW. This type of heat source combination has
the shortest time span, which is about one hour and forty minutes.
Comparing Fig. 17(a)-(d), the dynamic change of hot water temper-
ature has the larger impact on the system with water source only
and series combinations than that on the system with air source
only and parallel combination. The total heating capacity is almost
constant in heating hot water from 30°C to 48.9 °C. Comparing
Fig. 17(a)-(d), water source only and series sources combination
can take shorter time than others in heating hot water to satisfac-
tory temperature.

4.3. Hot water supply only mode

When the hot water demand is high, the system operation mode
will be switched to the hot water supply only mode. This mode
will only supply hot water. The purpose of the hot water supply
only mode is to provide satisfactory demand for hot water in a
short period of time. So, in this section, the ability of heating hot
water from low temperature to high temperature will be investi-
gated. Sixteen experiments are made as shown in Table 6 (i.e. four
heat sources combination and four outdoor air temperatures). Only
the experimental results at outdoor air temperature 8.3 °C will be
discussed in this section

Fig. 18 shows the COP and heating capacity for supplying hot
water at air source only, water source only, sources in parallel and
in series respectively. The COP and heating capacity for supplying
hot water decrease as the hot water temperature increases. The
system with water source only, sources in parallel and sources in
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Table 5
Dynamic COP experiment conditions.

Outside air temperature (°C) Indoor air temperature (°C)

Gray water tank temperature (°C)

Hot water tank temperature (°C)

8.3 211

211 30-48.9

Table 6
Dynamic COP and heating capacity experiment conditions.

Heat source combinations

Outdoor air temperature (°C)

Gray water tank temperature (°C) Outdoor air temperature (°C)

Air Water Parallel Series 35 15.6 8.3 34 21.1 30-48.9
Table A.1
Range and accuracy of sensors.
Sensors Range Output Input Accuracy
Thermocouple wire (T type) <200°C N/A N/A 0.75% above 0°C, 1.5% below 0 C
Humidity/temperature Humidity: 0-100% RH @ 4-20mA 24Vdc +2.5% RH
transmitters 0-50°C +0.3°C
Temperature: 0-100°C
0-1000 psi 4-20mA 24Vdc +0.25%
Gauge pressure transducer 0-500 psi 4-20mA 24Vdc +0.25%
0-200 psi 4-20mA 24Vdc +0.25%
In-line water flow meter 0-15L/min, 0-121°C N/A N/A +5%
Power meter 208/240V, 100A 4-20mA 9-30Vdc +1%

series have similar performance while air source only has the worst
performance. Considering the COP and heating capacity, the paral-
lel sources combination has a small advantage over the others. The
parallel sources combination also uses the shorter time in heating
hot water from 30°C to 48.9 °C than other heat source combina-
tions do. The COP and total heating capacity of hot water supply
only mode are obviously lower than those of space heating plus
hot water mode. However, the time for heating hot water to satis-
factory temperature of hot water supply only mode is quicker than
that of space heating plus hot water supply mode. The COP of hot
water supply only mode is much larger than that of conventional
electrical water heater, which the COP of the conventional electrical
water heater is normally assumed to be 1.

5. Conclusion

In this study, the drawbacks of the initial prototype are analyzed.
Remedial measures are implemented in optimized prototype.
Installing a refrigerant receiver can provide ability in balancing the
demand of refrigerant amount in heating mode and cooling mode
and in controlling the demand of refrigerant amount in different
functions with various heat sources combinations. Two plate heat
exchangers in parallel combination for supplying hot water shows
better performance compared with conventional electrical water
heater. A ball valve installed at the outlet of air-source evaporator
can minimize the effect of outdoor air temperature on the system
performance with water source only. According to the experimen-
tal tests, the system with air and water heat sources in parallel has
the best performance in space heating mode and space heating plus
hot water supply mode, compared with the system with other heat
source combinations. The optimized multi-functional heat pump
system shows superior performance in the heating mode compared
with the initial multi-functional heat pump system. The perfor-
mance of the multi-functional heat pump system with air source
only, sources in parallel and in series combinations decrease as the
outdoor air temperature decreases in space heating mode and space
heating plus hot water supply mode. The outdoor air temperature
has limited impacts on the system performance change of water
source only via installing a ball valve at the outlet of the air source
evaporator. The heating capacity for space heating of the multi-
functional heat pump system in space heating plus hot water supply

mode is smaller than that in space heating mode. However, the COP
of the system in space heating plus hot water supply mode is higher
than that in space heating mode. In space heating plus hot water
supply mode, the total COP of the multi-functional heat pump sys-
tem decreases as the hot water temperature increases. The heating
capacity for heating hot water decreases, and the heating capacity
for space heating increases as the hot water temperature increases.
The process of heating hot water from 30 °C to 48.9 °C usually takes
less than 2 h. The heating time with water source only, sources in
parallel or in series are almost the same. The system with air source
only takes the longest heating time. With the gray water tempera-
ture change, the system performance with air source only has the
least variation while that with series source combination and water
source only have appreciable variation which decline with gray
water temperature decrease. In hot water supply only, the process
of heating hot water from 30°C to 48.9 °C takes the least time, less
than half hour. The system with parallel source combination has
the best performance.
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Appendix. Uncertainty analysis

Table A.1 shows the range and precision of the measurement
equipment. The uncertainty of the experimental test can be divided
into type A and type B standard uncertainty [38]. Take the heat-
ing capacity with air source only at outdoor temperature 8.3°C
as an example: the mean value of heating capacity is 5856.95W.
The type A and type B standard uncertainties are 223.4327 W and
168.0546 W, respectively. The combined uncertainty of heating
capacity is 279.5792 W.
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