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Abstract: 19 
Heat pumps (HPs) are energy-efficient space heating devices that are key to global 20 
carbon reduction and carbon neutrality. However, current commercial HPs have 21 
performance issues in cold climates where space heating is needed most, including 22 
low COP and high energy consumption of defrosting. Aiming to tackle these issues, a 23 
novel two-stage heat recovery heat pump (THRHP) is therefore developed to enable 24 
heat recovery from exhaust air for improving COP and preventing dramatic energy 25 
use during winter defrosting. The performance of THRHP was optimized in the 26 
laboratory by investigating its expansion valve opening and exhaust air fans situation. 27 
Finally, the experiment results showed the prototype provided a heating capacity of 28 
32.3 kW, generating 4 m3/h hot water of 55 oC with COP of 2.57 at outdoor 29 
temperature of 0 oC, achieving 20.1% higher COP than the commercial HPs, while the 30 
efficient and quick defrosting process only consumed 0.46 kW and 4 minutes under 31 
outdoor temperature on -6 oC. The results gave more insights into the characteristics 32 
of THRHP and obtained the optimal control strategies of THRHP for better 33 
performance, thus promoting the wide deployment of HPs and achieving the 34 
ambitious carbon-neutrality targets. 35 

36 
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Nomenclature
Symbols eco economizer
Q heat capacity (kW) ME medium-pressure evaporator
W power consumption (kW) LE low-pressure evaporator
h specific enthalpy (kJ/kg) L low-pressure compression

mass flow rate (kg/s) H high-pressure compression
c specific heat capacity (kJ/kg/K) r refrigerant
U uncertainty (%) w water
P pressure (MPa) a air
HR high-pressure compression ratio in inlet
LR low-pressure compression ratio out outlet
TR Total compression ratio inj vapor injection
H compression head (kW) i indoor
Subscripts o outdoor
com compressor Abbreviations
con condenser COP coefficient of performance

39



3 

1 Introduction40
1.1 The background and motivation 41 
The global CO2 emission has increased by around 1.3% per annum over the past five 42 
years, according to International Renewable Energy Agency (IRENA) [1]. This is 43 
caused by significant fossil fuel energy use. Especially the heating and hot water 44 
productions of buildings take up around 48% of the world's total energy use, of which 45 
89% is from non-renewable energy, leading to approximately 40% of global CO2 46 
emission [2]. Therefore, utilizing low-carbon heating techniques is critical to 47 
decarbonizing buildings.  48 
 49 
Many countries have committed to employing low-carbon heating techniques in 50 
buildings. According to International Energy Agency (IEA), heat pumps could meet 51 
90% of global heating needs and nearly 180 million heat pumps have been installed 52 
for heating in 2020, taking up by North America 40.1 million units, Europe 21.8 53 
million units, China 57.7 million units, and other countries of over 50 million units [3]. 54 
By 2050, according to IRENA, the global heat pump installations will increase to 253 55 
million [1]. The enormous heat pump market in buildings is supported by high-level 56 
gu57 
in 2021, households will benefit from a grant of £5,000 to install low-carbon heating 58 
systems like heat pumps and the UK government aims to phase out natural gas boiler 59 
installations from 2035 [4]. In the east, China is taking a major energy transition from 60 
fossil fuel to low-carbon energy, aiming to peak the carbon emission level before 61 
2030 and reach carbon neutrality by 2060. China has issued a series of policies along 62 
with subsidies to promote heat pumps such as the Guidance on Promoting Electric 63 
Power substitution and Clean Energy Heating Plan for Winter in Northern China [5]. 64 
 65 
1.2 The challenges and status of air source heat pumps 66 
For technology, air source heat pumps (ASHPs), which can effectively absorb heat 67 
from the ambient with low electricity consumption have been dominating global heat 68 
pump sales for their ease of installation and relatively low installation costs. While, 69 
despite the increasing market share of air source heat pumps and the government 70 
support of utilization, the inherent performance challenges remain, especially for the 71 
ASHPs operating in the low outdoor temperature. The main performance challenges 72 
are listed:  73 
 74 
(1) The heating capacity decreases in cold climates since the air source heat pumps 75 

are based on the vapor compression cycle where the evaporation temperature as 76 
well as the refrigerant flow rate decreases as the outdoor temperature drops.  77 

(2) An additional heating element is used to meet the increasing heating demand of 78 
the cold climates, leading to a low energy performance across the cold season.  79 

(3) The power consumption increases with water temperature while cold climates 80 
require higher water temperature. The high water temperature also leads to high 81 
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compressor discharge temperature, causing damage to the heat pump's lifetime.82
(4) As the outdoor unit extracts heat from the ambient, frost forms on the outdoor heat 83 

exchanger, increasing the heat transfer resistance and airflow resistance, which 84 
can consume more energy for defrosting. 85 

(5) For indoor spaces requiring ventilation, the indoor heat is lost during the 86 
ventilation process without appropriate heat recovery equipment, thereby 87 
increasing the space heat load and adding pressure to the heat pumps.  88 

 89 
To tackle the listed challenges, the literature has seen many studies on components or 90 
process innovations. The components innovations include but are not limited to the 91 
use of ejectors [6, 7] and trials of new refrigerants [8, 9]92 
working conditions by extracting the excessive heat [10, 11], etc. New refrigerants 93 
especially a blend of refrigerants can increase the heating performance for the 94 
thermodynamic potential and tackle the global warming effect caused by the use of 95 
hydrofluorocarbons [12].  96 
 97 
In addition to the component innovations, many numerical or experimental studies 98 
have been published in process innovations for improving the cold climate heating 99 
performance, examples like multiple-stage compression, vapor injection, and exhaust 100 
heat recovery. Among them, the multiple-stage compression ASHPs can effectively 101 
increase the system efficiency by reducing the compression ratio of each stage in cold 102 
climates. Bertsch et al. [13] proposed several two-stage compression ASHP cycles for 103 
cold climates, whose test results indicate the prototype has COP of 2.1 at -30 oC 104 
outdoor temperature. The application research of the prototype further proved that this 105 
novel ASHP has 19% energy saving compared to the gas furnace system [14]. 106 
However, stress the high cost of the system complexity and call for 107 
improvements in process controls. 108 
 109 
To simplify the complexity and cost of the multiple-stage compression ASHPs, The 110 
concept of vapor injection ASHP using an economizer or flash tank was proposed in 111 
the 1970s [15], which is another promising approach to increase the heating capacity 112 
and reduce the compressor discharge temperature in cold climates. Shen et al. [16] 113 
experimentally investigated a tandem vapor injection compression heat pump, which 114 
performed stable and good heating performance when outdoor temperature decreases 115 
from 8 oC to -34 oC. Lu et al [17] designed a vapor-injected photovoltaic-thermal heat 116 
pump and experimentally compared it with the normal photovoltaic-thermal heat 117 
pump, which confirmed that the vapor-injected system has 30% and 10% 118 
improvement in heating capacity and COP, respectively. 119 
 120 
Heat recovery heat pump is another engaging process upgrade that many researchers 121 
have been working on which extracts a proportion of the thermal energy from the 122 
indoor exhaust air [18-20]. Gustafsson et al. [21] numerically evaluated the energy 123 
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performance of three heat recovery heat pump configurations, including heat recovery 124
in air-to-air heat pumps and air-to-water heat pumps. The evaluations showed that the 125 
heat recovery heat pumps are favorable for cold climates by either increasing the heat 126 
source temperature or recovering the indoor thermal energy as part of the heat output. 127 
Recent studies are mainly focused on residential applications. Although they reported 128 
a higher COP as part of the energy performance index, the heating capacity was 129 
relatively small because of the limited heat energy from a single heat source of the 130 
exhaust air [22].  131 
 132 
Apart from the technological advancement for energy performance, frosting is another 133 
key challenge for the ASHPs operating in cold climates, which will lead to a relatively 134 
high defrosting energy consumption [23]. Many studies have been reported around the 135 
defrosting or low energy frost retarding concepts, where Song et al. [24] presented a 136 
comprehensive review of the techniques including changing the ambient air 137 
parameters like preheating the inlet air, frost vibration techniques, external coil 138 
optimizations, and heat pump process optimizations. The aim of the frost-related heat 139 
pump studies is low defrosting energy input for defrosting or frost prevention along 140 
with minimizing the defrosting impact on the indoor heat supply.  141 
 142 
1.3 The innovations and contributions of the study 143 
Tackling the performance challenges of ASHPs in cold climates requires a 144 
combination of innovations, and more importantly takes up first-hand learnings from 145 
a real-life project to obtain the primary performance data for further improvements in 146 
applications and control strategies. To address the research gap and add value to the 147 
ASHP literature from a real-life project, this paper manufactures a novel two-stage 148 
heat recovery heat pump (THRHP) for real-life demonstration, whose performance is 149 
investigated and compared with the heat pumps on the market. The presented THRHP 150 
prototype integrates a series of innovations to address the current ASHP performance 151 
challenges. For effective heat recovery and increasing heating capacity in cold 152 
climates, the THRHP extracts heat from the indoor exhaust air and the outdoor 153 
environment using two-stage evaporation. Further, it is equipped with a vapor 154 
injection compressor to boost the compressor performance and utilizes exhaust air to 155 
prevent frost formation in cold climates along with significantly reducing the 156 
defrosting power consumption and defrosting time.  157 
 158 
In this study, the prototype is optimized and tested over a wide range of outdoor 159 
temperatures and high water outlet temperature conditions. The heating performance 160 
results are analyzed under different working conditions, and with and without exhaust 161 
air heat recovery, gaining deep insights into the performance characteristics of 162 
THRHP, and finally, the optimum performance of THRHP is compared with the 163 
commercial heat pumps. The studies will reveal the operational characteristics and the 164 
application advantages of THRHP in low-carbon heating, thus providing constructive 165 
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guidance for the practical deployment and optimal control of the THRHP to achieve a166
renewable heating future. 167 
 168 

2 The Descriptions of THRHP  169 
2.1 The principle of the THRHP 170 
Figure 1 shows the schematic flow diagram of the THRHP including the refrigerant 171 
flow and airflow directions. The major components are the medium-pressure 172 
evaporator (ME), low-pressure evaporator (LE), economizer, expansion valves of the 173 
ME, LE and economizer, vapor injection compressor, plate-type condenser, and air 174 
circulation fans. To maximize the heat recovery from exhaust air and reduce the 175 

power consumption, the refrigerant ( ) is divided into three streams after it 176 
is subcooled by the condenser with water. The first refrigerant steam ( ) goes into 177 

the economizer for further subcooling before being throttled at the expansion valve of 178 
low-pressure evaporator (EVL) and evaporated in the LE. The second stream ( ) is 179 

throttled by the expansion valve of economizer (EVE) and evaporated in the 180 
economizer. The third stream ( ) is throttled by the expansion valve of medium-181 

pressure evaporator (EVM) and evaporated in the ME. Following the economizer and 182 
two evaporators, the refrigerant is diverted into the compressor where the first stream 183 
travels to the compressor inlet, and the other two streams flow into the vapor injection 184 
inlet. Respecting the airflow, the indoor exhaust air goes to the ME, meanwhile, the 185 
outdoor air is extracted into the system to mix with the exhaust air from the ME 186 
before flowing across the LE. The fresh air will flow into the room as the indoor air 187 
was discharged, fulfilling the ventilation requirement of the building. According to the 188 
working principle, Figure 2 depicts the pressure-enthalpy diagram of the refrigerant 189 
circuit of THRHP (see the black lines), and Table 1 lists the corresponding energy and 190 
mass conservation equations. 191 
 192 

 193 

Figure 1. The system diagram of THRHP 194 
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195

Figure 2. The pressure-enthalpy diagram of THRHP196
197

Table 1. Energy and mass conservation equations of THRHP198

Working procedures Equations

Condenser heat transfer (1-2)

Economizer heat transfer (2-6, 3-5)

ME heat transfer (3-4)

LE heat transfer (6-7)

Low-pressure compression (7-8)

Mixing chamber (4, 8-9)

High-pressure compression (9-1)

Energy conservation

Mass conservation

Heating capacity

Power consumption

Coefficient of performance (COP)

199
-6- - the THRHP200

presents the following outstanding characteristics:201
202

(1) The two-stage vapor injection compression decreases the discharge temperature as 203
well as the compressor enthalpy from to 1 by injecting saturated refrigerant 5 204
into the superheated refrigerant 9. Also, the compression process is divided into 205
two stages with smaller compression ratios which can improve the compression 206
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efficiency. Therefore, the power consumption of THRHP decreases when 207
compared to the conventional ASHP. In addition, due to the vapor injection 208 
refrigerant, the total refrigerant mass flow rate in point 1 is larger than that of the 209 
conventional ASHP, benefiting the higher heating capacity of THRHP. 210 

(2) The two-stage exhaust air heat recovery improves the evaporation process, leading 211 
to various advantages. Firstly, the novel design of ME, recovering waste heat from 212 
the exhaust air further enlarges the injection refrigerant mass flow rate of point 5 213 
and thus increases the total refrigerant mass flow rate of point 1 as well as the 214 
heating capacity of THRHP. After the exhaust air mixes with the outdoor air and 215 
flows through the LE, the 216 
the higher mixing air temperature, which leads to a smaller pressure ratio in 217 
process of 8 to 9 as well as further decreasing power consumption of THRHP. 218 

(3) The exhaust air heat recovery increases the evaporating temperature, which 219 
minimizes frosting risk and thus defrosting energy consumption. Additionally, 220 
benefiting from the larger temperature difference between the exhaust air and the 221 
frost on LE, a defrosting process by exhaust air fans is energy efficient without the 222 
compressor, i.e., low defrosting power consumption and short defrosting time.  223 

 224 
2.2 The design of the THRHP prototype 225 
Figure 3 shows the structure of the manufactured THRHP prototype, whose key 226 
components are a vapor injection compressor, a plate condenser, an economizer, five 227 
air fans, one ME, two LEs and three electronic expansion valves (see Table 2). 228 
Notably, there are 2 exhaust air fans on the top of THRHP to extract the exhaust air 229 
and 3 discharge air fans on the bottom of THRHP to divert the air out of the system. 230 
During a heat supply mode, the fans extract both indoor and outdoor air for heat 231 
exchange in ME and LE. During a defrosting operation, the exhaust air fans are turned 232 
on while the discharge air fans are turned off. Switching off the discharge air fans 233 
mechanically drops the one-way louver at the outdoor air intake vents and shuts the 234 
outdoor air entrance, at that time, the warm exhaust air can defrost swiftly by 235 
consuming little power from exhaust air fans. 236 
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 237 

Figure 3. The structure of the THRHP prototype 238 
 239 

Table 2. Components details of the THRHP prototype 240 
Components Parameters Specifications 

Compressor 

Model  Emerson ZW258HSP-TFP-522 
Type & amount Hermetic scroll * 1 
Displacement (cm3/r) 124 
Refrigerant  R410a 

Condenser 
Model SWEP P80Hx120/1P-SC-M 
Type & amount Plate type heat exchanger * 1 
Size (length * width * height (mm)) 191 * 273 * 526 

Economizer 
Model Haolei HL20-60D 
Type & amount Plate type heat exchanger * 1 
Size (length * width * height (mm)) 76 * 143 * 310 

Medium-pressure 
evaporator  

Model FIVESTAR DKRS13(13x).03 
Type & amount Fin-and-tube heat exchanger * 1 
Size (length * width * height (mm)) 1650 * 98 * 602 

Low-pressure 
evaporator 

Model FIVESTAR DKRS-13(13X).02.01 
Type & amount Fin-and-tube heat exchanger * 2 
Size (length * width * height (mm)) 1650 * 100 * 1000 

Expansion valve of 
Economizer 

Model Sanhua DPF(Q)2.4C-11-RK 
Diameter of valve port (mm) 2.4 
Maximum working pressure (MPa) 4.2 

Expansion valve of 
low-pressure 
evaporator 

Model Sanhua DPF(Q)3.0C-08 

Diameter of valve port (mm) 3.0 
Maximum working pressure (MPa) 4.2 

Expansion valve of 
medium-pressure 
evaporator 

Model Sanhua FDF4A10 
Diameter of valve port (mm) 4.0 
Maximum working pressure (MPa) 4.2 

Exhaust air fan 

Model  Songgang YDK-90-6 
Type & amount Fixed frequency fan * 2 
Nominal speed 750 ± 30 
Size (diameter * height (mm)) 490 * 125 

Discharge air fan Model Songgang YDK-250-6 
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Type & amount Fixed frequency fan * 3
Nominal speed (r/min) 880 ± 30 
Size (diameter * height (mm)) 556 * 167 

 241 
2.3 The performance test platform and procedure 242 
The THRHP was tested thoroughly in the environmental chamber (see Figure 4), 243 
which enabled the adjustment to the air temperature, air humidity, water temperature 244 
and flow rate. First of all, the refrigerant charge of the THRHP was preferentially 245 
optimized under fixed working conditions, i.e., the outdoor temperature of -12 oC, and 246 
water outlet temperature of 55 oC with a water flow rate of 4 m3/h. The optimum 247 
refrigerant charge of THRHP was set to 13 kg at last. Thereafter, during the 248 
performance tests, the environmental chamber maintained the THRHP outdoor 249 
temperature, water outlet temperature and water flow rate at the setpoint while the 250 
EVL opening was adjusted carefully to achieve the best COP of THRHP. The tested 251 
outdoor temperature ranged from -12 oC to 18 oC with an increment of 6 oC, and the 252 
water outlet temperature reached three high temperatures, namely 41 oC, 48 oC, and 253 
55 oC with a fixed water flow rate of 4 m3/h, which covered a wide range of heat 254 
pump working conditions representing cold and mild regions. Subsequently, the 255 
impact of exhaust air heat recovery was investigated by removing the THRHP exhaust 256 
air cover and air duct and closing the exhaust air fans. The prototype  COP without 257 
the exhaust air was also optimized by adjusting the EVL opening under the same test 258 
conditions before comparison. The experimental conditions are stated carefully in 259 
Table 3. During the experiments, the air and refrigerant temperatures of THRHP are 260 
measured by thermocouples. The refrigerant pressures are measured by pressure 261 
transducers. The space temperatures and water temperatures are measured by Pt-1000 262 
platinum resistors, and the power consumption of THRHP is recorded by the power 263 
meter, whose accuracies are listed in Table 4. 264 

 265 

Figure 4. The THRHP experiment setup and environmental chamber 266 
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Table 3. Experimental conditions of the THRHP267
Refrigerant 

charge 
(kg)

Water 
flow rate 

(m3/h)

Exhaust 
air fans 

(On/Off)

Outdoor air 
temperature 

(oC)

Water outlet 
temperature 

(oC)

13 4

On

-12
41
48
55

-6
41
48
55

0
41
48
55

6
41
48
55

12
41
48
55

18
41
48
55

Off
-12 41
-12 55
18 55

268
Table 4. The accuracy of experimental sensors269

Parameters Measurement Uncertainty
Temperatures of refrigerant side (Tr, oC) Thermocouple ± 0.5 oC
Temperatures of air side (Ta, oC) Pt-1000 ± 0.15 oC
Temperatures of water side (Tw, oC) Pt-1000 ± 0.15 oC
Pressure (Pr, MPa) Pressure transducer ± 0.5 %
Water flow rate ( , m3/h) Electromagnetic flowmeter ± 0.5 %
Power consumption (W, kW) Power meter ± 0.2 %

270
2.4 The key performance indicators271
The key performance indicators of THRHP are the heating capacity, power 272
consumption, and COP, supplemented by pressure ratios and refrigerant mass flow 273
rate, which are given as follows.  274

275
The heating capacity (Q) of THRHP can be calculated by:276

                                              (1)277

where is the specific heat capacity of water; is the water mass flow rate;278

and is the water outlet and inlet temperature, respectively.279

280
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The power consumption (W) of THRHP is measured by a power meter, and thus the 281
COP of THRHP is evaluated by:282

                                                        (2)283

The pressure ratios of vapor injection compressor are expressed as:284
285

                                                      (3)286

                                                      (4)287

                                                      (5)288

where LR, HR, and TR are low-pressure compression ratio, high-pressure compression 289
ratio, and total pressure ratio, respectively; Pr,out,com, Pr,in,com and Pr,in,inj is the 290
refrigerant pressure of compressor outlet, compressor inlet and vapor injection inlet.291

292
The total refrigerant mass flow rate is evaluated by:293

294

                                           (6)295

296
where is the total refrigerant mass flow rate; and the refrigerant 297
enthalpy of condenser inlet and outlet, respectively.298

299
2.5 Uncertainty analysis300
The uncertainties of the calculated data are accumulated from the uncertainties of the 301
sensors, which are evaluated by the equations (7) and (8) [25]:302

                                          (7)303

304

                 (8)305

306
According to equation (8), the uncertainties of calculated data are listed in Table 5.307

308
Table 5. Uncertainties of calculated data309

Parameters Uncertainty
Heating capacity (Q, kW) ± 5.58 %
Coefficient of Performance (COP) ± 0.59 %
Refrigerant mass flow rate ( , g/s) ± 4.56%
low-pressure compression ratio (LR) ± 3.35%
high-pressure compression ratio (HR) ± 3.69%
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3 Results and discussions 310 
This section presents and discusses the THRHP performance, including its heating 311 
capacity, power consumption, and COP. These performance indicators are closely 312 
linked to the outdoor temperature, water outlet temperature, EVL opening and exhaust 313 
air situation. On the basis of experiment results, the performance characteristics of 314 
THRHP are discussed to analyze the impact of EVL opening and exhaust air 315 
situations under different working conditions. Thereafter, detailed comparisons 316 
between the developed THRHP and commercial heat pumps are carried out at last. 317 
 318 
3.1 Impact of working conditions on the THRHP performance 319 
The performance characteristics of THRHP, including heating capacity, power 320 
consumption and COP, with outdoor/water outlet temperature are discussed first, 321 
followed by analyzation of the optimum opening of EVL. 322 
 323 

3.1.1 The impact on the heating capacity of THRHP 324 
Figure 5 325 
temperature varying from -12 oC to 18 oC and the water outlet temperature varying 326 
from 41 oC to 55 oC.  For simplicity, the descriptions of the test conditions are 327 
hereafter described in the order of outdoor temperature/water discharge temperature, 328 
e.g., 18 oC/55 oC. The 3D colour surface is the integrated effect of outdoor 329 
temperature and water outlet temperature on heating capacity (as shown in the black 330 
spots), whose X-Z projection (as shown in the red spots) further clears the 331 
characteristics of HC in relation to the outdoor temperature under the water outlet 332 
temperature of 41 oC, 48 oC, and 55 oC, and the Y-Z projection (as shown in the blue 333 
spots) deeply illustrates the characteristics of HC in relation to water outlet 334 
temperature under the outdoor temperature of -12 oC, -6 oC, 0 oC, 6 oC, 12 oC, 18 oC. 335 

Regarding the impact of the increasing outdoor temperature (see the X-Z projection of 336 
Figure 5), the increases in heating capacity result from a series of parameter 337 
interactions, including the refrigerant pressure, temperature, and mass flow rate of the 338 
THRHP. Starting from the refrigerant pressure, as shown in Figure 6, when outdoor 339 
temperature increases from -12 oC to 18 oC under a constant water outlet temperature, 340 
the compressor outlet pressure keeps constant, which means that the condensing heat 341 
transfer temperature difference is stable. However, the compressor inlet pressure 342 
raises by around 110%, while the vapor injection pressure raises by 79.5%, 43.6% and 343 
22.6% at water outlet temperatures of 41 oC, 48 oC and 55 oC, respectively, so as to the 344 
corresponding increases in the refrigerant density. In addition, as results of Figure 7 (a) 345 
and (c), the HR, LR and TR of the compressor decrease respectively by 17.2% to 346 
42.6%, 13.8% to 42.8% and 50.5% to 55.2% with the outdoor temperature, which will 347 
lead to better volumetric efficiency, and thus increase the refrigerant mass flow rate of 348 
compressor. As results shown in Figure 8 (a), under the fixed compressor cylinder 349 
volume and the fixed rotation speed conditions, the total refrigerant mass flow rate in 350 
the condenser increases by 100.3%, 103.4% and 81.2% at water outlet temperatures of 351 
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41 oC, 48 oC and 55 oC, respectively. And thus, the increasing total refrigerant mass 352
flow rate boosts the condenser heat transfer coefficient 353 
heating capacity by 67.8%, 53.1% and 43.8% at water outlet temperatures of 41 oC, 48 354 
oC and 55 oC, respectively. It is noted that the increase of heating capacity is relatively 355 
larger in low water outlet temperatures. This is due to the decreases of the HR being 356 
significantly larger in low water outlet temperatures, leading to larger increases in the 357 
vapor injection refrigerant mass flow rate, so as to the total refrigerant mass flow rate 358 
and heating capacity. 359 
 360 
Regarding the impact of water outlet temperature increasing from 41 oC to 55 oC (see 361 
the Y-Z projection of Figure 5), a higher water outlet temperature increases the 362 

 18.3%, 13.7%, 9.1%, 2.8% and 0.6% at outdoor 363 
temperatures of -12 oC, -6 oC, 0 oC, 6 oC, 12 oC and 18 oC, respectively. Notably, the 364 

365 
low outdoor temperatures. From Figure 6 (b), under low outdoor temperatures, e.g., -366 
12 oC (see the black lines), the vapor injection inlet pressure increases by 88.7% as 367 
water outlet temperature increases from 41 oC to 55 oC, while compressor inlet 368 
pressure keeps constant. From Figure 7 (b) and (d), the HR decreases by 26.4%, while 369 
the TR of the compressor increases by 35.4%. As a result, the refrigerant mass flow 370 
rate of vapor injection inlet is significantly increased due to the increase in the vapor 371 
injection pressure and the decrease in the HR, while that of the compressor inlet is 372 
decreased because of the constant compressor inlet pressure and the increasing TR. 373 
Eventually, as shown in Figure 8 (b), the total refrigerant mass flow rate increases 374 
because of the significant increase in the vapor injection refrigerant mass flow rate, 375 
which benefits the increase of heating capacity at low outdoor temperatures at last. 376 
However, under high outdoor temperatures, e.g., 18 oC, the increase of vapor injection 377 
inlet pressure (28.9%) and the decrease of the HR (5.7%) are narrowed, leading to 378 
small increases in the vapor injection mass flow rate. Eventually, the changes in total 379 
refrigerant mass flow rate are limited and thus leads to small changes in the heating 380 
capacity at high outdoor temperature.  381 
 382 
Finally, from the 3D colour surface of heating capacity in Figure 5, the heating 383 
capacity of THRHP drops sharply in the direction of low outdoor temperature and low 384 
water outlet temperature, whose maximum and minimum are 39.1 kW at 18 oC /55 oC 385 
and 23.2 kW at -12 oC /41 oC, respectively. The THRHP can keep 59.3% of the 386 
maximum heating capacity in the worst conditions, which shows good stability. 387 
Further, in the conditions of cold weather, the heating capacity can be effectively 388 
increased by rising water outlet temperature, and thus better fulfil the high heating 389 
demand of buildings in cold weather days.  390 
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 391 

Figure 5. The heat capacity of THRHP under different working conditions 392 
 393 

  
(a) (b) 

Figure 6. The refrigerant pressures of THRHP under different working conditions (a) 394 
The influence of the outdoor temperature (b) The influence of the water outlet 395 

temperature 396 
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(a) (b) 

  
(c) (d) 

Figure 7. The Pressure ratios of THRHP under different working conditions 397 
(a) The influence of outdoor temperature on HR and LR (b) The influence of water 398 

outlet temperature on HR and LR (c) The influence of outdoor temperature on TR (d) 399 
The influence of water outlet temperature on TR 400 

 401 

  
(a) (b) 

Figure 8. The total refrigerant mass flow rate under different working conditions (a) 402 
The influence of outdoor temperature (b) The influence of water outlet temperature 403 

 404 

3.1.2 The impact on the power consumption of THRHP 405 
Figure 9 different 406 
working conditions (see the black spots). The X-Z projection shows the influence of 407 
the outdoor temperature (see the red spots), and the Y-Z projection shows the 408 
influence of the water outlet temperature (see the blue spots). 409 
 410 
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Respecting the influence of the outdoor temperature (see the X-Z projection of Figure 411
9), the variation from -12 oC to 18 oC412
consumption, whose maximum difference is 2.3%. The stable power consumption 413
results from the effect of the refrigerant pressure variations. For instance, under the 414
water outlet temperature of 41 oC, Figure 6 (a) illustrates that the pressure of vapor 415
injection inlet and compressor inlet increase by 108.1% and 79.5% with the outdoor 416
temperature, respectively, and as a result of Figure 7 (a), the HR and LR decrease with 417
outdoor temperature by 42.6% and 13.8%, respectively. According to Togashi et al 418
[26] investigations, equation (9) indicates that the drops of LR along with the rises of 419
refrigerant pressure of compressor inlet under the fixed refrigerant volumetric flow 420
rate will keep the constant of low-pressure compression head (HL), so as to the high-421
pressure compression head (HH) according to equation (10). Therefore, according to 422
equation (11), the variation of the power consumption of THRHP is stable with 423
outdoor temperature, which is also consistent with the results of relevant papers [27-424
29].425

(9)426

427

(10)428

429

(11)430

431
where HL and HH are the compression head of low-pressure compression and high-432
pressure compression, respectively; Wcom is the power consumption of the compressor; 433

is the compression efficiency of vapor injection compressor; k is the specific heat 434
ratio; v is refrigerant volumetric flow rate.435

436
In contrast, the water outlet temperature has a strong influence on the 437
power consumption (see the Y-Z projection of Figure 9), i.e., increasing the water 438
outlet temperature from 41 oC to 55 oC raises the power consumption by around 439
34.0%. As Figure 6 (b) and Figure 7 (b) depicted, a higher water outlet temperature 440
has little effect on the compressor inlet pressure but increases the LR. Thus, according 441
to equation (9), the increases with water outlet temperature. As for the , 442
according to equation (10), the decreasing HR and increasing vapor injection pressure 443
jointly make the stable. Finally, the total compression head of the vapor injection 444
compressor rises with the water outlet temperature because of the increasing , 445
leading to the increasing power consumption of THRHP.446

447
As result of the 3D surface of the power consumption in Figure 9, the power 448
consumption surface rises rapidly as the water temperature increases, which is nearly 449
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perpendicular to the Y-Z plane. The maximum and minimum power consumption are 450
12.6 kW and 9.2 kW at -6 oC /55 oC and -12 oC /41 oC, respectively. Therefore, the 451 
water outlet temperature of the THRHP can be controlled to a lower value depending 452 
on the heating demand of the building, thus reducing energy consumption and 453 
achieving significant energy savings. 454 

 455 

Figure 9. The power consumption of THRHP under different working conditions 456 
 457 

3.1.3 The impact on the COP of THRHP 458 
The COP of THRHP as a result of the interaction between the heating capacity and 459 
power consumption is given in Figure 10 (see the black spots), where the influence of 460 
the outdoor temperature is depicted by the X-Z projection (see the red spots), and the 461 
influence of the water outlet temperature is depicted by the Y-Z projection (see the 462 
blue spots). 463 
 464 
Regarding the impact of outdoor temperature (see the X-Z projection of Figure 10), 465 
the COP of THRHP increases significantly when the outdoor temperature rises from -466 
12 oC to 18 oC because of the sharp raising of the heat capacity and the stability of the 467 
power consumption as analyzed above, where it increases 64.0%, 53.5% and 45.8% at 468 
the water outlet temperature of 41 oC, 48 oC, 55 oC, respectively.  469 
 470 
Respecting the water outlet temperature increasing from 41 oC to 55 oC (see the Y-Z 471 
projection of Figure 10), a higher water outlet temperature reduces the COP because 472 
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of the dramatically increasing power consumption. The COP drops by 23.3% at the 473
outdoor temperature of 18 oC. However, the drop in COP is less severe (16.5%) at 474 
outdoor temperatures of -12 oC, because the increase in heating capacity is relatively 475 
significant at low outdoor temperatures as discussed above. 476 
 477 
From the 3D surface of the COP in Figure 10, it can be seen that the COP decreases as 478 
the ambient temperature decreases and the water outlet temperature increases, falling 479 
in the shape of a ripple from the highest point. The THRHP reaches the maximum 480 
COP of 4.12 at 18 oC/41 oC, and drops to the minimum of 2.17 at -12 oC/55 oC, which 481 
is 52.7% of the maximum COP. More importantly, based on the 3D surface, it is 482 
found that to achieve the best seasonal average efficiency, the THRHP should 483 
decrease the water outlet temperature as the outdoor temperature rises after the 484 
satisfaction of building heating demand. 485 

 486 

Figure 10. The COP of THRHP under different working conditions 487 
 488 

3.1.4 The EVL opening adjustment for THRHP performance enhancement 489 
Apart from the innovations of the THRHP geometry and process design, the EVL 490 
opening adjustment is key to achieving high performance of THRHP in cold climates. 491 
Figure 11 shows the optimum EVL openings found in the performance test (see the 492 
black spots).  493 
 494 
From the X-Z projection of Figure 11, as a result of the influence of the outdoor 495 
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temperature (see the red spots), the EVL opening should increase with the rise of 496
outdoor temperature for a higher COP. Because as the outdoor temperature rises, 497
increasing EVL opening raises the evaporation pressure and total refrigerant mass 498
flow rate, therefore increasing heating capacity with stable power consumption, 499
achieving higher COP. Furthermore, increasing EVL opening protects compressor 500
inlet temperature from large superheats, ensuring safe operation.501

502
In contrast, for the influence of the water outlet temperature (see the blue spots in the 503
Y-Z projection of Figure 11), the higher water outlet temperature requires a smaller 504
EVL opening. Because a smaller EVL opening offers a stronger throttling effect on 505
low-pressure evaporation to maintain the evaporation pressure when condensation 506
pressure increases with the water outlet temperature. The evaporation pressure is507
stable to avoid too significant increases in power consumption. In addition, the small 508
variation of evaporation pressure keeps the total refrigerant mass flow rate and 509
evaporation temperature difference relatively stable with water outlet temperature, 510
preventing liquid compression of THRHP.511

512
The adjustment of EVL opening is critical to the optimum COP and safety of THRHP, 513
which are beneficial to the studies on heat pump control strategies. On the basis of the 514
optimized results, equation (12) of EVL opening is obtained by multivariate linear 515
regression, and these optimized results in the 3D colour surface of EVL opening are 516
programmed into the self-control scheme of THRHP for the best COP under different 517
working conditions.518

519

520
521

522
where is EVL opening in %, Ta,o is the outdoor temperature, Tw,out is the water 523

outlet temperature. The coefficient of determination (R2) of equation (12) of EVL 524
opening is 0.95.525

526
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 527 

Figure 11. The optimum EVL opening for THRHP high performance 528 
 529 

3.2 Impact of exhaust air heat recovery on the THRHP performance 530 
In this section, the optimum performances of THRHP with and without exhaust air are 531 
compared and analyzed at outdoor/water outlet temperatures of -12 oC/41oC, -12 oC/55 532 
oC and 18 oC/55 oC. For simplicity, the system without the exhaust air is called 533 
System-A, the system with exhaust air is called System-B, and the following working 534 
conditions of systems are continually named by outdoor temperature/water outlet 535 
temperature.  536 
 537 
In Figure 12, the impacts of the exhaust air on the air temperature distribution of 538 
different systems are illustrated. The air temperatures at the exhaust air inlet of 539 
System-B are 34.2 oC, 35.6 oC, and 4.7 oC higher than that of System-A under 540 
conditions of -12 oC/41oC, -12 oC/55 oC and 18 oC/55 oC, respectively. After the 541 
exhaust air of System-B mixes with the outdoor air, the air temperatures at the LE 542 
inlet are 10.1 oC, 11.5 oC and 0.9 oC higher than that of System-A under conditions of 543 
-12 oC/41oC, -12 oC/55 oC and 18 oC/55 oC, respectively, which are notably narrowed 544 
because of the mixing of the main cold airflow from the outdoor air inlet.  545 
 546 
In addition, respecting the temperature difference between the LE air inlet and the 547 
discharge air outlet, the temperature differences of System-B are larger than that of 548 
System-A under the three working conditions, which infers that the LE air flow rate of 549 
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System-B is smaller than that of System-A System-550
B with the exhaust air cover and long exhaust air duct has a much higher airflow 551 
resistance when compared to System-A, and thus, System-B has a smaller air flow 552 
rate at the exhaust air inlet though it has additional exhaust air fans working. Further, 553 
after mixing with the outdoor air, the air flow rate at the LE air inlet of System-B 554 
remains smaller than that of System-A, and this decrease is also narrowed due to the 555 
mixing of the main cold airflow from the outdoor air inlet. 556 
 557 

 558 
Figure 12. The air temperature of systems with/without exhaust air 559 

 560 

3.2.1 The heating capacity of systems with/without exhaust air 561 
From Figure 13, it is shown that the impacts of exhaust air on heat capacity are 562 
different under three working conditions. Under the working conditions of -12 563 
oC/41oC, the heating capacity of System-B has a slight improvement of 2.7% 564 
compared to System-A. According to the results in Figure 12, the higher exhaust air 565 
inlet temperature of System-B has a positive impact while the smaller exhaust air flow 566 
rate has a negative impact on the vapor injection pressure. Under the integrated 567 
impact, the vapor injection pressure of System-B decreases by 0.3% compared to 568 
System-A (see Figure 14 (a)), which will lead to a smaller refrigerant mass flow rate. 569 
Regarding the compressor inlet, the integrated impact of the higher LE570 

the 8.5% increase in the 571 
compressor inlet pressure of System-B when compared to System-A (see Figure 14 572 
(b)), which will increase the refrigerant mass flow rate. Combining the results of 573 
vapor injection inlet and compressor inlet, the total refrigerant mass flow rate of 574 
System-B is increased, contributing to the improvement of heating capacity. 575 
 576 
When the working condition changes to -12 oC/55 oC, the vapor injection pressure 577 
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level rises a lot as the water temperature increases from 41 oC to 55 oC. Under these 578
conditions, the negative impact of the smaller exhaust air flow rate is overwhelmed 579 
and the dominant positive impact of the higher exhaust air temperature causes the 580 
increase in vapor injection pressure of System-B by 15.8% compared to System-A 581 
(see Figure 14 (582 
temperature causes the increase in compressor inlet pressure of System-B by 6.1% 583 
when compared to System-A (see Figure 14 (b)). As a result of the increasing vapor 584 
injection pressure and increasing compressor inlet pressure, the total refrigerant mass 585 
flow rate increases obviously, so as to the 26.9% improvement in the heating capacity 586 
of System-B when compared to System-A. 587 
 588 
Regarding the working conditions of 18 oC/55 oC, the outdoor air temperature is close 589 
to the exhaust air temperature, and the LE air inlet temperature increase of System-B 590 
is small. As a result, under the equivalent impacts from the increased air temperature 591 
and the decreased air flow rate at the exhaust air inlet, the vapor injection pressure of 592 
System-B is 0.7% higher than that of System-A (see Figure 14 (a)). When it comes to 593 
the compressor inlet, the negative impact of the smaller air flow rate of System-B 594 
results in a 3.8% decrease in compressor inlet pressure since the LE air inlet 595 
temperature of System-B is only 0.9 oC higher than that of System-A (see Figure 14 596 
(b)). Eventually, the decreased compressor inlet pressure reduces the total refrigerant 597 
mass flow rate and thus causing a 4.4% decline in the heating capacity of System-B 598 
compared to System-A. 599 
 600 
From the results of heating capacity comparisons, the high-temperature exhaust air 601 
can effectively improve the heating capacity under the conditions of low outdoor 602 
temperature, i.e., -12 oC/41oC and -12 oC/55 oC, but the additional accessories, i.e., the 603 
exhaust air cover and long exhaust air duct, which lead to the smaller air flow rate 604 
will overwhelm the little temperature increase of exhaust air, and eventually cause the 605 
reduction of heating capacity under the conditions of high outdoor temperature, i.e., 606 
18 oC/55 oC.  607 
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 608 

Figure 13. The heating capacity of systems with/without exhaust air 609 
 610 

  
(a) (b) 

Figure 14. The refrigerant pressure of systems with/without exhaust air (a) vapor 611 
injection pressure (b) compressor inlet pressure 612 

 613 

3.2.2 The power consumption of systems with/without exhaust air 614 
Figure 15 illustrates the power consumption difference between System-A and 615 
System-B at -12 oC/41oC, where the power consumption of System-B is 0.4% higher 616 
than that of System-A. The impact of the decreased vapor injection pressure 617 
counteracts the impact of the increased compressor inlet pressure (see Figure 14), 618 
combined with the additional power consumption of the exhaust air fans, eventually 619 
leading to the small rise in the power consumption of System-B.  620 
 621 
In terms of the variation at -12 oC/55 oC, the power consumption of System-B is 5.1% 622 
higher than that of System-A. As discussed above, the vapor injection pressure of 623 
System-B increases a lot under this high water outlet temperature condition when 624 
compared to System-A, leading to the more obvious rise in total refrigerant mass flow 625 
rate and thus the power consumption of System-B.  626 
 627 
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Concerning those at 18 oC/55 oC, the integrated impact of the vapor injection pressure628
and compressor inlet pressure decreases the total refrigerant mass flow rate. However,  629 
additional exhaust air fans eventually result in the ascent in the power consumption of 630 
System-B by 2.3% compared to System-A. 631 
 632 
From the results of the power consumption comparison, the high-temperature exhaust 633 
air and additional exhaust air fans will cause 0.4% to 5.1% increases in the power 634 
consumption of the system with exhaust air heat recovery, which is relatively small 635 
under the low outdoor temperature conditions. It can be inferred that the exhaust air 636 
heat recovery has a less negative impact on system efficiency as the outdoor 637 
temperature declines, being more advantageous at low outdoor temperature conditions. 638 
 639 

 640 

Figure 15. The power consumption of systems with/without exhaust air 641 
 642 

3.2.3 The COP of systems with/without exhaust air 643 
The variations of COP in Figure 16 are highly relevant to the heating capacity and 644 
power consumption of the systems. Under the conditions of -12 oC/41 oC, System-B 645 
achieves a 2.7% improvement in the heating capacity from the higher exhaust air 646 
temperature, while its power consumption is basically unchanged, thereby, the COP 647 
of System-B is 2.0% higher than that of System-A.  648 
 649 
When the water outlet temperature increases to 55 oC, i.e., under the conditions of -12 650 
oC/55 oC, due to the significant increase in the vapor injection pressure of System-B 651 
by 15.8% (see Figure 14), the heating capacity and power consumption of System-B 652 
are increased by a relatively large amount, 26.9% and 5.1% respectively. Eventually, 653 
the increase of COP of System-B reaches 21.2% due to the significant increase in the 654 
heating capacity. 655 
 656 
However, when the outdoor temperature rises to 18 oC, i.e, under the conditions of 18 657 
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oC/55 oC, the heating capacity of System-B decreases by 4.4% because of the small 658
improvement of the exhaust air temperature when compared to System-A. Combined 659 
with the 2.3% rise in the power consumption of System-B,  the COP of System-B is 660 
6.5% lower than that of System-A. 661 
 662 
To sum up the performance comparison of systems with and without exhaust air, the 663 
positive effects of exhaust air on the heating capacity and COP can be fully brought 664 
into play under the conditions of low outdoor temperature and high water outlet 665 
temperature, which are the most common in the practical application of heat pumps. 666 
However, under high outdoor temperature conditions, exhaust air heat recovery 667 
weakens the heating capacity and COP. Therefore, the exhaust air fans should be 668 
turned off when the outdoor temperature exceeds 18 oC, and more researches need to 669 
be conducted to investigate a better control method for the exhaust air flow rate. 670 
 671 

 672 

Figure 16. The COP of systems with/without exhaust air 673 
 674 

3.2.4 The defrosting performance with exhaust air 675 
Besides heating performance, the defrosting performances of THRHP under different 676 
working conditions are also measured as shown in Figure 17. The THRHP defrost 677 
program is set to start when the compressor inlet temperature is detected to be below 678 
3 oC, at which point the THRHP will defrost for 4 minutes every 20 minutes of 679 
heating operation. During defrost, the compressor will stop working and only the 680 
exhaust air fans will extract the indoor exhaust air to defrost the heat pump's outdoor 681 
heat exchanger surface to ensure that it is not covered in ice. After each 4-minute 682 
defrost, the THRHP compressor will start again to produce heat.  683 
 684 
As the results are shown in Figure 17 (a), under the conditions of -6 oC/41 oC, the 685 
heating capacity and COP of THRHP have an obvious deterioration during the 20 686 
minutes heating operation, which means increasing frost. The defrosting starts after 687 
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the 20 minutes of heating operation, which only consumes 0.46 kW. According to the 688
results of the next heating operation circuit, it can be seen that after the 4 minutes of 689 
exhaust air defrosting, the degradations in heating capacity and COP are eliminated 690 
and returns to the initial level again in the next heating operation cycle. 691 
 692 
Under the conditions of 0 oC/41 oC (see Figure 17 (b)), the heating capacity and COP 693 
of THRHP are less deteriorated during the 20 minutes heating operation, indicating 694 
that the level of frost diminished as the outdoor temperature increased. However, the 695 
exhaust air defrosting process is performed according to the program, which takes 696 
only 4 minutes and consumes only 0.46 kW, and effectively guarantees a good 697 
performance in every heating operation cycle. 698 
 699 
From the results of the defrosting experiments, it is clear that the exhaust air 700 
defrosting method designed for the THRHP can effectively remove frost (4 minutes) 701 
from the outdoor heat exchanger with very low power consumption (0.46 kW) under 702 
various working conditions, ensuring the stable and efficient heating performance of 703 
THRHP. 704 

 705 

  
(a) (b) 

Figure 17. Defrosting performance of THRH under (a) the conditions of -6 oC /41 oC 706 
(b) the condition of 0 oC /41 oC 707 

 708 
3.3 Performance comparison of THRHP and commercial heat pumps 709 
Performance comparisons with commercial heat pumps are illustrated in Figure 18 to 710 
Figure 20. The collected commercial heat pumps are air-to-water heat pumps without 711 
any heat recovery component, whose heating performance data is collected from their 712 
official materials. Performance details of the heat pumps are compared under a wide 713 
range of outdoor temperatures between -12 oC and 7 oC. It is worth noting that the 714 
high water outlet temperature is crucial for wider heat pump deployment because 715 
most existing houses are equipped with radiators along with gas boilers, which require 716 
high-temperature water to achieve space heating. High-water-temperature heat pumps 717 
can replace the gas boiler directly without a high initial cost for retrofitting, thus 718 
accelerating the deployment of heat pumps. In addition, the high water temperature 719 
has an antibacterial effect to improve the safety of the heat pump system. So, the 720 
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comparisons are conducted under a high water outlet temperature of 55 oC.721
 722 

3.3.1 Comparison of heating capacity with commercial heat pumps 723 
The heating capacity is variable in different models and brands and is dependent on 724 
the size of heat pumps, e.g., the heat exchanger area and compressor discharge 725 
volume. Therefore, the absolute values of heating capacity are not comparable. 726 
However, the stability of heating capacity when outdoor temperature decreases is an 727 

thermal comfort. Figure 18 shows that the 728 
heating capacity of THRHP maintains a 78.4% heating capacity when outdoor 729 
temperature decreases from 6 oC to -12 oC. Regarding commercial heat pumps, the 730 
model of 30AWH004H can only maintain 59.5% heating capacity,  while the model of 731 
30AWH006H maintains 60.7%, and the model of 30AWH012H maintains 62.0% 732 
when outdoor temperature decreases from 7 oC to -7 oC. The comparison results 733 
indicate that benefiting from the exhaust air which increases the evaporation 734 
temperature of THRHP and thus guarantees its heating capacity when the outdoor 735 
temperature decreases, THRHP offers stronger stability of heating capacity than the 736 
commercial heat pumps. 737 
 738 

  739 

Figure 18. The heating capacity of heat pumps under different outdoor temperatures 740 
 741 

3.3.2 Comparison of power consumption with commercial heat pumps 742 
The absolute values of power consumption of different brands of heat pumps mainly 743 
depend on the size of compressors, which are not comparable. But Figure 19 depicts 744 
that the power consumption of THRHP remains steady (only a 2.0% increase) when 745 
the outdoor temperature raises from -12 oC to 6 oC, whereas the power consumptions 746 
of the commercial heat pumps increase a lot as the outdoor temperature rises from -7 747 
oC to 7 oC. For instance, the power consumption of 30AWH004H, 30AWH008H and 748 
30AWH012H increased by 10.4%, 21.2% and 16.1%, respectively. Thus, the power 749 
consumption of THRHP has less effect by outdoor temperature, so as to save energy 750 
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bills for the users.751

 752 

Figure 19. The power consumption of heat pumps under different outdoor 753 
temperatures 754 

 755 

3.3.3 Comparison of COP with commercial heat pumps 756 
Figure 20 shows that the COPs of the commercial heat pumps are not higher than 2.12 757 
at the outdoor temperature of -7 oC, whilst that of THRHP has achieved 2.17 at even -758 
12 oC and increases to 2.30 at -6 oC. Furthermore, at the same outdoor temperature of 759 
0 oC, the highest COP of commercial heat pumps is 2.14, i.e., the model 30AWH006H, 760 
whereas the COP of THRHP is 2.57, which is 20.1% higher. The comparisons of COP 761 
under low outdoor temperature conditions illustrate that the THRHP performs much 762 
better than normal heat pumps because of the benefits of the innovative designs of 763 
exhaust air heat recovery. 764 
 765 
When it comes to performance under high outdoor temperature conditions, the COP 766 
of the 30AWH004H is 2.71 at the outdoor temperature of 7 oC, while that of THRHP 767 
is 2.8 at the outdoor temperature of 6 oC, which only has a 1.5% difference. It is found 768 
that the improvement benefited from the exhaust air heat recovery of THRHP is 769 
reduced under the higher outdoor temperature conditions when compared to the 770 
commercial normal heat pumps, which is consistent with the results obtained earlier.  771 
 772 
Additionally, owing to the good stability of heating capacity and power consumption,  773 
THRHP has more stable COP, which decreases by 22.6% as outdoor temperature 774 
decreases from 6 oC to -12 oC, while that of 30AWH006H, 30AWH006H, and 775 
30AWH012H respectively reduce by 34.3%, 26.4%, and 28.0% when the outdoor 776 
temperature only decreases from 7 oC to -7 oC. A detailed comparison with more 777 
commercial heat pumps, as listed in Table 6, further shows that the novel THRHP has 778 
a higher COP than the normal commercial heat pumps in the range of the operating 779 
conditions. 780 
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  781 

Figure 20. The COP of heat pumps under different outdoor temperatures 782 
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3.4 Future works 785 
Although the THRHP increases the heating capacity by using exhaust air heat 786 
recovery, it may decrease the system performance in warm weather. Therefore, it is 787 
critical to apply a self-control scheme to adjust the exhaust air heat recovery and 788 
expansion valve opening to achieve the best seasonal heating performance in real-life 789 
applications. The THRHP is going to be installed at Hull Central Library, UK, to 790 
provide space heating for a working room. The long-term test will be ongoing with 791 
many sensors installed for monitoring system performance and stability. The future 792 
work will focus on THRHP's long-term operation and economic and environmental 793 
performance. 794 
 795 

4 Conclusion 796 
A novel two-stage heat recovery heat pump (THRHP) is proposed and manufactured 797 
in this study to overcome the low COP and high energy consumption barriers with the 798 
existing heat pump. The THRHP extracts heat from exhaust air and outdoor ambient 799 
to increase heating capacity and COP while reducing power consumption by using 800 
vapor injection compressor. Based on experiment optimization and analysis, more 801 
insights into the THRHP were obtained and the results show that the THRHP has 802 
excellent heating characteristics and performance, as follows. 803 
 804 
(1) The characteristics analysis reveals that the heating capacity of THRHP declines 805 

as outdoor temperature decreases but can increase up to 17.5% with water outlet 806 
temperature, while the power consumption of THRHP is only sensitive to water 807 
outlet temperature, reducing by up to 26.7% with decreasing water outlet 808 
temperature. As a result, the COP of THRHP decreases with descending outdoor 809 
temperature but increases up to 64.0% with declining water outlet temperature. A 810 
system control strategy is suggested to achieve the best energy efficiency of 811 
THRHP in the application. The water outlet temperature should be increased when 812 
the outdoor temperature drops to ensure indoor temperature and thermal comfort, 813 
and reduced when the outdoor temperature rises to increase COP and save energy. 814 
 815 

(2) the characteristics of THRHP are 816 
further revealed. At low outdoor temperature conditions, i.e., -12 oC/41 oC and -12 817 
oC/55 oC of outdoor temperature/water outlet temperature, the heat recovery from 818 
exhaust air increases the heating capacity by 2.66% and 26.88%, leading to the 819 
COP increase by 2.03% and 21.23%, respectively. At conditions of high outdoor 820 
temperature, i.e., 18 oC/55 oC, the exhaust air has negative impacts, which not 821 
only decreases the heating capacity but also increases the power consumption, 822 
leading to a 6.51% decline in COP. Further, defrosting results show that the 823 
exhaust air gives a fast and efficient process to the THRHP, which has a defrosting 824 
power of 0.46 kW while the associated defrosting time is 4 mins.  825 
 826 
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(3) Compared to commercial heat pumps, the THRHP produces a more stable heating 827
capacity and power consumption as outdoor temperature changes, which are 828 
essential features for meeting building heat loads and reducing energy 829 
consumption in cold climate applications. Under the low outdoor temperature and 830 
high water outlet temperature condition of 0 oC/55 oC, the THRHP achieves 20.1% 831 
higher COP than the commercial heat pump, making it highly competitive with 832 
market products. 833 
 834 

(4) According to the optimization result of THRHP, the optimal expansion valve 835 
opening control and exhaust air fans situation are programmed into the THRHP 836 
for the best COP under various working conditions. Further, based on the 837 
characteristics of THRHP, the system control strategy is suggested for the best 838 
average efficiency in application. The novel THRHP with optimization strategies 839 
can significantly improve the performance of air source heat pumps and their 840 
competitiveness against traditional gas heating equipment, accelerating the 841 
deployment of low-carbon heating equipment and advancing the process of 842 
carbon neutrality. 843 
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