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In this paper, a combined air/water source heat pump water heater is presented.
At ordinary time, the heater can be used for hot water heating in water-source
mode to improve the energy efficiency. While in cold season, it gives priority to
air-source mode for water heating to improve operational safety. Experiments
were conducted to investigate the thermodynamic performance of the heater in
each operation mode, and the experiment results were analyzed. The research in-
dicated that its operation was reliable during the long-time running. This paper
offers a promising energy-saving method in future.
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Introduction

The energy crisis [1, 2] and environmental pollution [3, 4] have become the major
problems facing mankind in the world. The energy consumption of supplying hot water for
building accounts for 23.4% of the total building energy consumption [5], and the concepts of
the passive solar buildings [6], and energy harvesting systems [7] were appeared in literature
for green energy.

Heat pump (HP) [8] for renewable energy technology, including ground source
(GSHP) [9], air source (ASHP) [10], and water source (WSHP) [11], has been rapidly devel-
oped in recent years due to its relatively high energy efficiency and environmental friendli-
ness [12, 13]. Thus, the potential of economic and environmental benefits in residential water
bath is enormous. However, it also encountered a development bottleneck in the further im-
provement of energy efficiency. It is a hot research direction in the future to further improve
the year-round operation energy efficiency of heat pump water heaters, and thermal science
[14] will play an important role in making it more energy-saving.

In recent years, various dual source heat pump water heaters have been presented to
further improve energy efficiency. For examples, Lazzarin [15] presented two kinds of dual
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source heat pumps systems, Xu et al. [16] and Deng and Yu [17] studied a solar-air source
heat pump water heater, Aguilar et al. [18] proposed a PV assisted compact heat pump water
heater, Cai et al. [19] presented a new type of PV/T-air dual source heat pump water heater,
Cai et al. [20] proposed a solar-air dual series source heat pump water heater. Zhao et al. [21]
performed an energetic, economic and environmental evaluation on an air-flue gas dual-
source heat pump. The mentioned dual source heat pump water heaters have significant ener-
gy efficiency.

Water-source heat pump water heat system [22] has higher COP than that of air
source heat pump. However, it cannot operate safely in cold weather due to frost. This paper
presented a combined air/water source heat pump (AWHP) water heater for a bathroom unit,
it can produce hot water in water-source mode at ordinary times to improve energy efficiency,
and produce hot water in air-source mode in cold weather to ensure safe operation. Experi-
ments were conducted to analyze the thermostatic performance of the heater in each mode.

Experimental set-up

In the AWHP, an air-source evaporator and a water-source evaporator are arranged,
a reversing valve (RV) and three solenoid valves (SV) are used to control whether air-source
or water-source mode is used to produce hot water. The basic principle of the heater is shown
in fig. 1, and the photo of the experimental equipment is shown in fig. 2. The detailed specifi-
cations of the heater are listed in tab. 1.
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Figure 1. Sketch of the combined AWHP

In water-source mode at ordinary times, SV1 and SV3 are turned off, SV2 is open
on, and RV is on, the refrigerant flow direction is indicated by hollow arrows.

In air source mode in cold season, SV1 and SV3 are opened, SV2 is off, the refriger-
ant flow direction is indicated by solid arrows.

In defrosting mode, the refrigerant flow direction is shown by half hollow arrows.
the RV is shift, SV1 and SV3 are on, and SV2 is off.

In the experiment, an enthalpy laboratory (GB/T17758-2010) located in Nantong,
China was used to simulate the testing ambient. The testing environments are presented in
tab. 2, and the experimental measurements are listed in tab. 3. Individual air-handling unit
(AHU) was utilized to control the air temperature and relative humidity of the chamber. An
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electric heater is used to simulate the inlet water
temperature at the evaporation side in water-
source mode, and the hot water flowing rate is
5.2 m¥/h.

In this paper, the COP of the AWHP was
defined

Q _ POV (tyz ~tua)

COP=—< 1)
w AtAP
where Q [kW] is the output capacity, W [kW] —
the input power, p— the water density

(p = 1000 kg/m?®), ¢, — the specific heat of water
at constant pressure (c, = 4.186 kJ/kgK),
V — the volume of the water tank (V = 0.15 m°),
tw1 and twe [°C] — the initial and final water
temperatures in the tank, respectively, At [hour]
— the time interval, W [kW] — the input power,
and AP [Pa] — pressure gradient.

Figure 2. Photo of the experimental equipment

Table 1. Specifications of the main components of the system

AWHP water heater Quantity Specification
Nominal water heating capacity 25 kW
Compressor 2 Sanyo: C-SB453H8A
Working fluid R22
Hydrophilic film corrugated aluminum fins
Air-source evaporator and condenser 1 (ptlon: Zﬁhlnr(;rrg}g:)t\igéizc:%; pI;ntlagé SO 13 mm)
(OD: 9.52 mm, &: 0.5 mm)
Plate heat exchanger 64 EATB55
Thermostatic expansion valve 1 BAE 7
Double-pipe heat exchanger 1 Tailored
Inner tube 3 (ID: 16.3 mi%tglgélltg ﬁ?ﬁiﬁﬁgfﬁ 4680 mm)
Outer tube 3 (ID: 25 mm,SSaDT'zesssnfﬁﬁ,e:Jﬁgfh; 4630 mm)
Insulation layer Black waterproof rubber thermal board
Water tank 1 530 L
Liner Stainless steel
Insulation layer Polystyrene foamed plastic

OD: out diameter, ID: inner diameter
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Table 2. Testing environment of the AWHPW

Testing Ambient temperature in Inlet water temperature at Mean water temperature in
conditions outdoor chamber [°C] evaporator side [°C] water tank [°C]
. Dry bulb Wet bulb tw1 twz tw1 tw2
Air-source
20 15 15 55
2 1
Water-source
15 -20°C 60 °C
Table 3. Summary of the measuring instruments
Parameters Instrument Model Range Accuracy
Air temperature and . o 0.1 °C
humidity Thermometer Rotronic HygroFlex -40 ~ 85 °C +19% RH
Supply air flow rate | Thermal anemometer | E+E 70-VT62B5 0~5m/s 2% F.S
Water temperature Pt100 RTD Omega 1/10 DIN —100 ~ 400 °C +0.05 °C
Refrigerant o o
temperature Thermocouple K-type 0~ 1250 °C 0.1 °C
. -0.1~1.2 MPa 0
Refrigerant pressure Pressure gauge Bourdon 0.1 ~34MPa +0.3% F.S.
Power consumption Power meter FLUKE 39 0~10 kW +2%

Results and discussion

Figure 3(a) shows the variations of the refrigeration pressure and pressure ratio of
the AWHP in air-source mode. The discharge pressure revealed a continuous upward trend
versus hot water temperature due to the reduction of the heat transfer temperature difference
between refrigerant and hot water. While the suction pressure is basically unchanged due to
the auto-regulation of the thermostatic expansion valve. An increase in the pressure ratio will
reduce the mass flux of refrigerant flowing through the compressor.

The suction pressure of the AWHP at 20 °C condition is significantly higher than
that at 7 °C condition, which is due to the increased vaporization of refrigerant in the evapora-
tor. At this time, in order to maintain a constant degree of superheat, the opening of the ex-
pansion valve increases, causing an increase in the amount of refrigerant flowing into the
evaporator. It also causes an insignificant increase in discharge pressure.

Figure 3(b) shows the changes of refrigerant temperature of the AWHP in air-source
mode under the conditions of 20 °C and 7 °C. As the temperature of hot water increases, the
discharge temperature also presents a continuous upward trend. This is due to an increase in
the pressure ratio causing a decrease in the mass flux of refrigerant flowing through the com-
pressor, resulting in a deterioration in the cooling effect of the refrigerant on the compressor.

The suction temperature on conditions of 7 °C ambient temperature is lower than
that on conditions of 20 °C due to the decrease of refrigerant evaporation temperature in the
evaporator. Due to the increase of compression ratio, the discharge temperature of the system
is higher than that on conditions of 20 °C ambient temperature.

It can be seen from fig. 3(c) that the transient water heating power, Qun, of the
AWHP in air-source mode exhibits a decreasing process with the hot water temperature,
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which is attributed to a decrease in the mass flux of the refrigerant flowing through the com-
pressor caused by a decrease in the pressure ratio. The heating power at 20 °C is significantly
higher than that at 7 °C. The Qun at 20 °C is significantly higher than that at 7 °C.

It can also be observed from fig. 3(c) that the instantaneous input power, W, under-
goes a continuously increasing process due to the increase in input work per unit mass of re-
frigerant. In addition, since the mass-flow rate of the refrigerant flowing through the compres-
sor at 20 °C is greater than that at 7 °C, the W at 20 °C is higher than that at 7 °C. The average
Quh at 20 °C and 7 °C are 6.35 and 6.09 kW, respectively.
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Figure 3. Variations of (a) suction and discharge pressure, (b) suction and discharge temperature,
(c) power, and (d) COP of the AWHP in air-source mode

As observed from fig. 3(d) that the instantaneous COP of the AWHP drops with hot
water temperature due to the decline of Qun and the ascend of W, and the gap between the two
gradually narrows. The COP of the AWHP under 20 °C condition is 4.16, which is signifi-
cantly higher than that of 3.24 under 7 °C condition.

The performance of the AWHP is studied at 15 °C inlet water temperature at the
evaporation side. The specific results are shown in fig. 4. In order to avoid repetition, the rea-
son for curve variation are detailed in this part.
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It can be seen from fig. 4(a) that the discharge pressure of the AWHP increases rap-
idly with the upswing of hot water temperature. However, the suction pressure is slightly in-
creased due to the auto-regulation of the thermal expansion valve.

Figure 4(b) shows the changes of suction and discharge temperature of the AWHP in
water-source mode. It can be seen from fig. 4(b) that with the upswing of the hot water tem-
perature, the exhaust temperature of the system is gradually rising and the rising speed is
gradually accelerating due to the insufficient cooling of the compressor caused by the de-
crease of the refrigerant flow through the compressor. Due to the self-regulation of the ther-
mal expansion valve, the suction temperature of the CAWHP is basically kept at a constant
value. However, the refrigerant flow rate entering the evaporator is not absolutely stable, so
its value changes slightly.
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Figure 4. Variations of (a) suction and discharge pressure, (b) suction and discharge temperature,
(c) power, and (d) COP of the AWHP in air-source mode

Figure 4(c) shows the variations in power of the AWHP with hot water temperature
in water-source mode. As seen from fig. 4, with the rising of the hot water temperature, the
water heating power of the AWHP is gradually reduced due to the decrease of the mass-flow
rate of refrigerant flowing through the compressor into the condenser. The instantaneous input
power of the AWHP is gradually increasing, and its rising trend is also increasing due to the
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increase of input power of unit mass refrigerant, although the mass-flow rate of refrigerant
flowing through the compressor is reduced at this time.

Figure 4(d) shows the variation of COP with hot water temperature in water-source
mode. It can be seen from fig. 4(d) that the COP of the AWHP is gradually decreasing with
the upswing of the hot water temperature. The results show that the total COP of the AWHP
is 4.65.

Conclusions

In order to further improve the efficiency of heat pump water heater, the AWHP was
proposed and designed, and its operation mechanism was fully unlocked experimentally, es-
pecially the effects of pressure, temperature and power on COP were revealed in air source
and water source mode. Some conclusions are summarized as follows.

e In ordinary time, the water-source mode is used to produce hot water, the heating power
is 25.95 kW and the COPw is 4.65 when the inlet water temperature is 15 °C.

e Incold season, the air-source mode is used to produce hot water, the heating power of the
system is 26.42 kW and the COPwn is 4.16 when the ambient temperature is 20 °C; the
heating power is 9.72 kW and the COPuw is 3.24 when the ambient temperature is 7 °C.
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