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Abstract

Rational utilization of renewable energy is widely used to reduce building energy consumption 

and save energy. To promote the utilization efficiency of renewable energy in cold climate regions 

especially plateau area, a novel solar/air-dual source heat pump system used for space heating was 

proposed and investigated in this paper. Based on a demonstration building in Qinghai-Tibetan 

Plateau, a dynamic simulation model was initially established by TRNSYS and validated by the 

experimental data. An idea of controlling refrigerant flow distribution was adopted in the coupling 

heat pump. Subsequently, the performance of the dual-source heat pump under various refrigerant 

flow rates and various ratios of refrigerant flowing into solar collector and evaporator was 

investigated and optimized. Results show that the optimal indoor temperature and coefficient of 

performance could be achieved when the refrigerant flow is 16 g/s. And when the ratio of the 

refrigerant entering into solar collector ranges 0.6-0.7, the result is the best. Simultaneously, the 

monthly average coefficient of performance of the dual-source heat pump could reach 3.6 generally, 

and the annual average indoor temperature of the building would be over 20 ℃. The research 

suggests that the refrigerant flow rate has a significant effect on the performance of the dual-source 

heat pump, and appropriate ratio of refrigerant flowing into solar collector and evaporator can 

improve the performance. This paper could be as a reliable reference for an application of the 

solar/air-dual source heat pump system in severe cold region.

Keywords: Qinghai-Tibetan Plateau; Solar/air-dual source heat pump; Dynamic simulation; 

Refrigerant flow rate; Optimization performance

1.Introduction

 The construction industry plays an important role in global energy consumption and carbon 
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dioxide emissions. According to a report issued by the United Nations’ Sustainable Buildings and 

Construction Programme, energy consumption of building account for 40 % of global energy use 

and 30 % of energy-related greenhouse gas emissions [1-3]. The renewable energy utilization has 

been widely regarded as a sustainable way to solve these problems. In recent years, the improvement 

of rural living conditions and the continuous promotion of urbanization in China has aggravated the 

national energy crisis and affected the cleanliness of energy consumption [4-6]. Rational utilization 

of renewable energy is a necessary means to save energy. In addition, research showed that energy 

saving could effectively reduce greenhouse gas emissions [7]. Rich solar energy and air energy 

belong to renewable and pollution-free energy, with high economic and environmental friendliness. 

However, the solar energy is intermittent and instable, which is affected by meteorological 

conditions [8]. In the case of low solar radiation intensity, solar collector alone can not provide heat 

enough, and it needs to be equipped with stable and reliable auxiliary heating equipment or heat 

storage. Therefore, a single renewable energy source would be facing instability for energy supply. 

The integrated heating mode with multiple heat sources has received wide attention [9-12]. There 

have been many related studies in the past. In 2005, Ozgener et al. [13] investigated the performance 

characteristics of a solar assisted ground-source heat pump greenhouse heating system, which 

located in Izmir, Turkey. And Izmir was a typical Mediterranean climate. In 2011, a solar 

photovoltaic/thermal integrated heat pump system has been explored. Experiments on the system 

were carried out in Nanjing, subtropical region of east China [14]. In 2015, a full-scale experiment 

system of a solar assisted ground source heat pump was put forward in temperate China [15]. The 

findings showed that solar heat storage water tank could improve the heating performance 

significantly. Qu et al. [16] proposed a solar PV/T integrated dual-source heat pump water heater 

obtained experimental data in Shanghai, subtropical region of China. Salehi et al. [17] presented the 

exergoeconomic superiority of solar-assisted absorption heat pumps based on actual data from 

Sarein Town, temperate area of Iran. However, the experimental study of multi-source heat pump 

according to the alpine region was few. This paper studied the performance of heat pump in alpine 

area and obtained the experimental data from a solar/air-dual heat pump (S/A-DSHP) system in 

Qinghai-Tibetan Plateau.

As for the solar assisted compression heat pump [18], the research contains several common 

available forms, which include conventional solar assisted compression heat pumps (CSACHP), 

direct expansion solar assisted heat pumps (DXSAHP), solar photovoltaic-thermal heat pumps 

(SPV-THP) and solar-geothermal hybrid source heat pumps (SGHSHP). The S/A-DSHP studied in 

this paper was similar to DXSAHP, but the S/A-DSHP carried an extra evaporator. In 1998, 

Chaturvedi [19] proposed a DXSAHP system, and serpentine copper tubes of solar collectors were 

exposed to air without transparent cover. The result showed that the performance coefficient of the 

single solar collector was 30-50 % higher than that of the other one. In 2002, an exergy analysis of 
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a DXSAHP system was explored by Cervantes [20]. The results of this exergy analysis emphasized 

that the main source of irreversibility was found in the solar collector, and incoming solar radiation 

was not full used. Subsequently, Li et al. [21] carried out experimental verification and analysis of 

DXSAHP for water heating, and put forward the optimization scheme of electronic expansion valve 

and variable frequency compressor. Many scholars used different mathematical models to optimize 

the DXSAHP water heater system from different angles [22-24]. Deng et al. [25] improved the 

single-line operation mode of the evaporator. They proposed a dual heat source heat pump water 

heater, and carried out simulation analysis. The system form was similar to DXSAHP, but it 

concluded two operation modes. One was solar energy independent operation mode, and the other 

was solar energy-air energy combined operation mode. Safijahanshahi et al. [26] improved 

coefficient of performance (COP) up to 10 % of heat pumps by combination of unglazed transpired 

solar collector and air-to-air heat pump.

There have been many optimization explorations which focuses on system forms, component, 

operation modes, refrigerant substitution et al. However, few researches studied it from the 

perspective of refrigerant flow [27-29]. In this paper, a S/A-DSHP heating system applied to a 

single-family residential building in the Qinghai-Tibetan Plateau was introduced. The idea of 

controlling the refrigerant flowing to solar collector and evaporator respectively was put forward. 

Different from the previous S/A-DSHP, a refrigerant distributer unit has been added to the heat 

pump, and the refrigerant flow rate was taken as the topic. Based on the S/A-DSHP system, dynamic 

simulations were carried out on TRNSYS 17.0 in terms of alpine regions. The study adjusted the 

total refrigerant flow rates and ratios of the refrigerant flowing to the solar collector and evaporator 

to optimize the operational performance.

2.Study object 

2.1 Building structures

The object of study is a single-store residence of 84.15 m2, volume 283.73 m3, located in the 

Wangtun village, Qinghai Province (latitude 35°97’N, longitude 101 47’E). The Qinghai-Tibetan 

Plateau belongs to the severe cold area and the altitude is as high as 2237.1 m. Therefore, the 

characteristics of abundant solar radiation but low-temperature environment are obvious. The annual 

radiation irradiance is between 1440-1750 kWh/m2 and the average outdoor temperature is -3.1 ℃ 

during heating period [30, 31]. 
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Figure 1 Layout plan of the residential building

There were no high-rise buildings around the studied building and it was facing south, ensuring 

adequate solar radiation. The layout plan of the building was shown in Figure 1, which includes 

seven rooms: Bedroom 1, Bedroom 2, Sunspace, Living room, Kitchen, Storage room and Toilet. 

The building renovation has been carried in past projects, in which the roof floor of the form wall 

has been changed, as detailed in Table 1. The building equipped with S/A-DSHP system ensuring 

indoor comfort during the heating period, and adopted radiant floor heating at the same time. Rooms 

with floor heating in the building model includes Bedroom 1, Bedroom 2, Living room and Toilet. 

The heating load of the building was shown in Figure 2. The sunspace was embedded in the building, 

with its southern envelope composed by glass, as indicated in Figure 1. The area of the transparent 

part was 9.78 m2, accounting for 68.87 % of the south wall proportion of the sunlight room. The 

south windows of Bedroom 1 and Bedroom 2 were all triplex glass windows with size of 1800 

mmⅹ1700 mm, which ensured good air tightness of the building [32]. There was a Chinese Kang 

in Bedroom 2 [33]. In addition, the storage room of the building has two south-facing clerestory 

windows with each size of 1500 mmⅹ800 mm, which makes the height of the room change from 

2.9 m to 3.5 m. The storage room acts as solar-enhanced buffers along the northern edge of the 

Living room. All the exterior walls are embedded with thermal insulation layer. Therefore, the 

building envelope is characterized with good the thermal insulation performance. And the building’s 

glasses are all aluminum-plastic composite energy saving materials (70 series). Besides, the 

thickness of the external window is illustrated as “4+9+4+9+4”, which means there are three-layer 

glass (4 mm) and two air layers (9 mm) inside.
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Figure 2 Heating load of typical year

Table 1 Materials and heat transfer coefficient of the building envelope

Items Materials
Thickness

(mm)

Heat transfer 

coefficient (W/m2·K)

B1-graphite insulating board 100External 

wall colliery wastes brick 370
0.29

External 

door

Aluminum-plastic composite energy 

saving material (70 series)
4 1.70

External 

window

Swinging casement windows with 

triplex glass
4+9+4+9+4 2.20

B1-graphite insulating board 200

cement cinder 30Roof

reinforced concrete 20 0.15

Ground B1-graphite insulating board 150 0.15

                                                             

2.2 Heating system descriptions

A S/A-DSHP coupled radiant floor heating system was adopted in the study to improve indoor 

thermal comfort. The schematic diagram of the integrated heating system is shown in Figure 3. The 

system can be divided into heat collection subsystem, radiant floor heating subsystem and control 

subsystem.
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Figure 3 Schematic diagram of the S/A-DSHP system 

In this system, the refrigerant flow was delivered to the solar collector during the day. However, 

it could not give full play to the advantages of this system, because the solar collector was not stable, 

even during the day. Therefore, according to the characteristics of this system, the proportion of 

flow to solar collector and air source collector was studied. The rated power of the heat pump unit 

was 12 kW. Total collector area ( ) was 6 m2 consistent with the experiment, which followed the 𝐴𝑐

formula below[34].

𝐴𝑐 =
864000𝑄𝐻𝑓

𝐽𝑇𝜂𝑐𝑑(1 ― 𝜂𝐿) (1)

where  is the building heat consumption;  is the local average solar radiation on the 𝑄𝐻 𝑓

daylighting surface;  is the solar fraction;  is the average heat collector efficiency; is the 𝐽𝑇 𝜂𝑐𝑑 𝜂𝐿 

heat loss rate of pipeline and heat storage device.

R22 was used as the working medium in the heat pump, with the critical properties of 96.2 ℃ 

and 4.99 MPa. The boiling point is -41.4 ℃. R22 presented high chemical stability and thermal 

stability, with a molecular weight of 86.47. The refrigerant was divided into two streams after 

coming out of the refrigerant distributer, going to the solar collector and evaporator respectively. 

After absorbing heat, the flow would be adiabatic compressed by the compressor. Next, refrigerant 

released heat to the water tank in the condenser. Finally, it went back to the refrigerant distributer 

across capillary [35].

In order to adjust the thermal comfort indoors in real-time, an intelligent control subsystem 

was adopted in the S/A-DSHP system. Specifically, there were temperature sensors that 

continuously monitor the indoor temperature. When the average indoor temperature of the three 

heating rooms was lower than 20 ℃, the water pump-1 turned on, and the hot water flowed from 

the tank to the radiant pipes, working for heating. The water pump-1 would be closed until the 

average temperature reached 23 ℃. In addition, when the control signal of pump-1 was “yes” and 

the water supplied temperature was lower than 50 ℃ at the same time, the pump-2 would open. 

Water flowed from the tank to the heat exchanger for endothermic process. The pump-2 would be 

closed when the water supplied temperature reached 55 ℃. And the pump-2 was controlled by the 
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indoor temperature, water supplied temperature and signal of Daily running time (Table 3). Based 

on the common action of the three subsystems, the indoor temperature could be kept in thermal 

comfort zone. Besides, radiant floor heating subsystem equipped with the heat storage tank provided 

users with a comfortable living environment. The volume of the heat storage water tank ( ) was 1.8 𝑉

m3, and the selection followed the following formula.

𝑉 =
3.6𝐾1𝐾2𝑄𝑗ℎ

𝐶(𝑡𝑚𝑎𝑥 ― 𝑡𝑚𝑖𝑛)𝛾
(2)

where  is safety factor for heat loss during transmission;  is safety factor for heat loss in the 𝐾1 𝐾2

heat storage tank;  is total heating load;  is the time for heating with the tank;  is specific 𝑄𝑗 ℎ 𝐶

heat capacity of water;  is the average water supplied temperature;  is the average  𝑡𝑚𝑎𝑥 𝑡𝑚𝑖𝑛

backwater temperature;  is the density of water.𝛾

3. Methodology

3.1 Mathematical model 

Model simplification of is based on the following assumptions [36]:

1) The throttling process in expansion device is isenthalpic.

2) The refrigerant is saturated liquid that comes out from the condenser.

3) There is no superheated refrigerant at the outlet of the evaporator and solar collector.

4) The study is assumed to quasi-steady state.

5) There is no change in the thermodynamic state when the refrigerant passes through the 

distributer.

The simplified refrigerant cycle is shown in Figure 4. Based on above assumptions, the 

existence of liquid refrigerant residues in the evaporator is neglected. Solar collector is the main 

heat source in this heating system, while the evaporator used to make up for the instability of the 

solar collector. As shown in Figure 4: the process 2-3 is decalescence in collectors, 3-4 is adiabatic 

compression in the compressor, 4-5 is cooling of overheated air phrase and 5-1 is saturated 

condensation [25, 37-39]. 

In this study, flat plate solar collector was used to collect solar energy. Solar energy heat 

collection ( ) can be calculated by the following formula [40, 41]:𝑄𝑒1

𝑄𝑒1 = 𝐴𝑐[𝜏𝛼𝐼 ― 𝑈𝐿𝐶(𝑇𝑃 ― 𝑇𝑎)] = 𝐴𝑐𝐹′[𝜏𝛼𝐼 ― 𝑈𝐿𝐶(𝑇𝑃 ― 𝑇𝑎)] (3)

where  is the area of the solar collector;  is the transmittance of the top cover plate of the 𝐴𝑐 𝜏

collector;  is the solar absorptance;  is the solar radiation;  is the collector heat loss 𝛼 𝐼 𝑈𝐿𝐶

coefficient;  is the solar collector plate temperature;  is the ambient air temperature;  is 𝑇𝑃 𝑇𝑎 𝐹′

the collector efficiency factor. 

The gain energy of the flat plate solar collector ( ) can also be calculated based on the 𝑄𝑒2

enthalpy change of the refrigerant in the solar collector as:

𝑄𝑒2 = 𝑚1(ℎ3 ― ℎ2) (4)

where  is the working part mass flow rate of solar collector; which absorbed the energy and 𝑚1
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phase transited;  and  are the enthalpy of status points. The actual flow rate across the solar ℎ3 ℎ2

collector can be obtained by formula (3) and (4).

The total heat rejection of the condenser can be calculated from the following equation :𝑄𝑜𝑢𝑡

𝑄𝑜𝑢𝑡 = 𝑈𝑐𝐴𝑐∆𝑡𝑚 (5)

where  is the total heat transfer coefficient of the condenser;  is the area of the condenser; 𝑈𝑐 𝐴𝑐 ∆
 is the log-mean temperature difference.𝑡𝑚

Considering both sides of heat transfer at the same time, an energy balance can be expressed 

as:

𝑚𝑤𝐶𝑝𝑤
𝑑𝑡𝑤

𝑑𝜏 = 𝑄𝑜𝑢𝑡 ― 𝑈𝐿𝑡𝐴𝑡∆𝑡𝑚 (6)

However, when the incoming water temperature from the water tank is higher than that from 

condensation, the  is:𝑄𝑜𝑢𝑡

𝑄𝑜𝑢𝑡 = 𝑄𝑠 = 𝑚(ℎ4 ― ℎ𝑤𝑎𝑡𝑒𝑟) (7)

where  is the enthalpy of the incoming water.ℎ𝑤𝑎𝑡𝑒𝑟

The heat transfer formula is [42]:
(𝑡𝑜𝑢𝑡 ― 𝑡𝑖𝑛)𝑐𝑤𝑎𝑡𝑒𝑟𝑚 = 𝜃𝑄𝑜𝑢𝑡 (8)

where  is the mean specific heat of the water;  is heat exchange coefficient.𝑐𝑤𝑎𝑡𝑒𝑟 𝜃

Figure 4 Refrigerant Thermodynamic Cycle

Designed evaporation and condensation temperatures were 0 ℃ and 45 ℃, respectively [43]. 

Since the ambient barometric in plateau was relatively low, the freezing temperature was lower than 

0 ℃. As for that, slightly higher evaporation temperature could effectively alleviate the problem of 

frosting. In addition, the S/A-DSHP in this paper had solar collector and evaporator in parallel way. 

The evaporator assisted the solar collector to store the heat into the heat storage water tank in a 

limited amount of time. Therefore, the S/A-DSHP could run perfectly although the evaporation 

temperature of 0 ℃ was lower than the average ambient temperature. Users could define the 

refrigerant flow rate in the calculator and set the ratio of the refrigerant flowing to solar collector 

and evaporator in the calculator. On the load side, hot water flowed from the water tank to the 
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building for floor radiation heating, and then flowed back to the tank.

3.2 Experiment description

In this paper, a series of performance indexes such as, real-time temperature (including indoor 

and outdoor temperature, water supplied temperature), solar radiation intensity, humidity, water 

supplied flow rate, heat pump system power, and pump power were recorded during heating period. 

Details are shown in Table 2. Specifically, the test in the experiment was at intervals of one hour. 

Environmental test day conditions represented the typical winter weather in the Qinghai-Tibetan 

Plateau. In test, the measurement of indoor temperature and humidity were located in the center of 

the room 1.5 m above the ground. During the experiment, the total refrigerant flow rate was 18 g/s. 

Point 2' was the flow measurement point, as shown in Figure 3. In practical operation, all the flow 

entered into solar collector in the daytime and into evaporator at night.

Table 2 Measured content and measuring point locations

Measured content Locations Measuring instruments

Outdoor air temperature
Roof (protection from direct 

solar radiation)
T-type thermocouple

Outdoor relative humidity
Roof (protection from direct 

solar radiation)
Humidity Data Logger

Outdoor solar radiation 

intensity
Outdoors (without shield) Pyranometer

Indoor air temperature Indoor T-type thermocouple

Flow rate Pipes Ultrasonic flowmeter

System power Wires Power Analyzer

Pump power Pump outlets Clamp-meter

3.3 Model description

Based on the above system and building description, the coupling heat pump model and 

residential building model were built by TRNSYS 17.0 (Figure 5). The TRNSYS model could 

dynamically simulate the heating load and other parameters with a long time span [44, 45].
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Figure 5 Scheme of The TRNSYS Model of Integrated Heating System for Optimization

Bounded by the tank, the left was the refrigerant cycle for heat collection. The purple solid line 

and the red dotted line connected the tank module and the refrigerant cycle, which represented the 

heat collection subsystem. TRNSYS offers several different options for building thermal load 

simulation, including the Type 56 and the simpler degree day Type 12a. Type 12a is more suitable 

for building integrated energy systems, and Type 56 is widely accepted by most users. There are 

more detailed building information settings in Type 56 to provide users with a reasonable building 

load simulation. Thereby, Type 56 was selected as the building model.

The right side of the water tank was characterized to improve the indoor thermal comfort of 

hot water circulation. The red solid line connected the tank and the building module, which 

represented the floor radiation heating subsystem. It was worth noting that there was no traditional 

solar collector or air source heat pump in the heat source side. To be specific, a simplified virtual 

calculation refrigerant cycle was adopted in TRNSYS simulation. Based on the temperature entropy 

diagram of S/A-DSHP (Figure 5), the thermodynamic cycle process of S/A-DSHP was composed 

by the property of components to virtualize the refrigerant cycle process on the left. In that, the 

circulation flow rate of the refrigerant can be defined by users. The study could explore the 

performance of the S/A-DSHP system when the mass flow rates of refrigerant and ratios of the 

refrigerant flowing to the solar collector were different. The total flow rate of refrigerants from 2 

g/s to 22 g/s and the solar collector occupied 0 to 1. 

Table 3 TRNSYS modules and corresponding functions

Labels Components Functions

Building

(Type 56)

Simulating the thermal behavior of the building 

studied.

Wangtun-weather

(Type 109)

Reading TMY2 format weather file to provide 

ambient conditions.
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Sky temperature

(Type 69)

Determining the effective sky temperature to 

calculate the energy exchange between the 

building surface and the ambient.

Psychrometric 

calculator (Type 33)
Determining the properties of moist air.

Daily running time

(Type 14)

To employ a running time dependent forcing 

function which has a behavior characterized by 

a repeated pattern.

Refrigerant properties

(Type 58)

Taken input two unique independent state 

properties of a refrigerant and calculating the 

remaining state properties.

Format

(Type 9a)
Reading user-defined files in text format.

Equation
Equation

Allowing user-defined equations and

numerical calculation.

Water tank

(Type 4c)

Storing hot water and providing it to heat 

exchange coils when necessary.

Flow diverter

(Type 647)

Splitting one flow into several individual 

streams whose mass flow rates can be user-

defined.

Flow receiver

(Type 649)

Combining up to 100 individual liquid streams 

into a single outlet mass flow.

Pump (Type 114) Providing the power for water flow.

Controller
Controller (Type 2b) Controlling the system.

Integration
Integration (Type 24)

Integrating a series of quantities over a period 

of time.

Online output

(Type 65a)

Displaying selected system variables while the 

simulation is progressing.

The heating period in the Wangtun village, which belongs to the severe cold region, was 

assumed as the period from October 15th to April 15th. Thereby, this specific period, from 6192 h 

to 11280 h, has been set at the control cards in TRNSYS model. For optimizing the system, different 

mass flow rates and ratios of the refrigerant flowing to solar collector were investigated. In this part, 

Type 9a was replaced by Wangtun-weather, which is typical annual climate of the Wangtun village. 

As shown in the Figure 5, the weather file has been replaced with the typical meteorological data of 
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the Wangtun Village in TMY2 format. Because the subsequent simulation would be concerned with 

the whole heating period. 

4. Result and discussion

4.1 Model validation

According to the characteristics given in Table 1 and meteorological parameters of the building, 

Type 9a was used to read it instead of the typical annual climate. In that, the simulation results were 

compared with practical measured data to ensure the rationality and accuracy of the simulation 

model.

The results of operation under real refrigerant flow rate were shown in Figure 6. The 

temperature curves of the Living room and the tank suggested that the simulation results were in 

good agreement with the actual temperature. Compared with the simulation results, the measured 

results were more sensitive and fluctuate more frequently. This sensitivity of the actual temperature 

was due to a lot of external interference in the actual process. The fluctuation trend of the water 

supplied temperature was highly consistent. The overall simulation results were smooth, while the 

actual temperature hovers up and down around the simulation results. At the initial stage, the 

increase of the actual indoor temperature was obviously higher than the simulation results, which 

should be due to the movement of indoor personnel. Generally speaking, these results proved that 

the simulation model has preferably coherence with the experimental data.
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Figure 6 Comparison Between Simulated Temperature and Measured

4.2 Annual temperature 

The performance of the S/A-DSHP system is investigated concerning the space heating during 

the heating period. The heating period is always defined as a time when the heating load is on 

demand during the year. The estimation of this period usually differs in various regions according 

to local meteorological conditions. Simulation results during the heating period are presented in 

Figure 7, composed by three (a) (b) (c) charts. They display three values changing with different 

refrigerant flow rates and ratios of the refrigerant flowing to solar collector. It is apparent that the 

impact of the refrigerant flow rate on the water supplied temperature and indoor temperature is 
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significant. With increase of the refrigerant flow rate, the temperature of the water tank ascends at 

all times (Figure 7(a)). When the refrigerant flow ranges from 0 g/s to 14 g/s, the ratio hardly affects 

the water supplied temperature, within 1 ℃ fluctuations. When the flow is above 14 g/s and the ratio 

ranges from 0.4 to 0.7, there is a peak appeared in the middle of the water supplied temperature 

curve. Meanwhile, the annual average water supplied temperature is about 40 ℃, which is relatively 

low. Most of the time, the water supplied temperature can reach the design value. However, the 

heating capacity of the evaporator unit is reduced and the temperature of the water tank is low in 

some extremely cold weather. Therefore, the mean temperature for the whole heating period is lower 

relatively. The temperature of Living room and Bedroom 1 increase with the refrigerant flow (Figure 

7(b)(c)). However, the increase of indoor temperature slows down with the increase of total mass 

flow rate. The two diagrams of (b)(c) show that the indoor temperature basically increases to 20 ℃ 

within 14-16 g/s, and there is almost no difference in the higher flows. In addition, the annual 

temperature of Bedroom 2 is not shown in picture. Due to Chinese Kang in Bedroom 2, the heating 

area is only part of the room. Thereby, the holistic temperature of Bedroom 2 is not as high as that 

of the other two heating rooms. When the refrigerant flow rate is 14 g/s and ratio of the flow entering 

into solar collector is 0.7 (14/0.7), the Living room temperature reaches 20 ℃ for the first time. And 

they also reach 20 ℃ when the flow is 16/0.2, 16/0.3, 16/0.4, 16/0.5, 16/0.6, 16/0.7 or 16/0.8. 

(a) Annual water supplied temperature
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(b) Annual temperature of Bedroom 1

(c) Annual temperature of Living room

Figure 7 Annual temperature in different mass flow rate and the ratio

The average temperature in different months is shown in Figure 8. It is apparent that the indoor 

temperature in December and January is significantly lower than that in the other months. Because 

the ambient temperature in December and January is the lowest. Comparing the indoor temperature 

under different refrigerant flow, the mass flows of 16/0.6 and 16/0.7 bring higher indoor temperature 

than the others. Even in the frigid months, December and January, the indoor temperature can be 

kept above 17.6 ℃. The average indoor temperature within the flow of 14/0.7 is only 16.6 ℃ in the 

frigid months, which is about 1 ℃ lower than 16/0.6 and 16/0.7. Although it can meet the indoor 

demand in the rest months. Conclusively, 16/0.6 and 16/0.7 could achieve the optimal performance 

in terms of indoor temperature.
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Figure 8 Average temperature in different months 

4.3 Monthly mean COP

Figure 9 shows the monthly mean COP of the S/A-DSHP system from November to February. 

It can be seen that COP will decrease with the decrease of outdoor temperature. It is because the 

performance of the air source heat pump naturally has no superiority in low ambient temperature. 

Generally, the average COP of DXSAHP in winter is about 2.5 according to Mohanraj [46]. Overall, 

the monthly mean COP of S/A-DSHP is not high, of which the mean COP in October and March is 

about 4.5 (not shown in the Figure 9). Meanwhile the mean COP is 3.6 in November and February. 

And it is 2.1 in December and close to 2 in January. As a result, the average COP for the whole 

heating period is 3.38.

The average COP of 14 g/s is the highest. Even in the coldest month, the monthly average COP 

can be maintained at 2.16. The COP values are similar among the flow of 16 g/s. But the COP of 
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16/0.5, 16/0.6, 16/0.7 and 16/0.8 is appreciably better. Taking both indoor temperature and COP 

into consideration, the optimal options of refrigerant flow are 16/0.6 and 16/0.7, which can reach 

not only a relatively stable temperature curve, but also a good COP value. 
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Figure 9 COP in eight types of mass flow rate

5.Conclusion

In this paper, one demonstration building equipped with a S/A-DSHP system was studied in 

the Qinghai-Tibetan Plateau. The study optimized the performance from the refrigerant flow point 

of view, aiming at alpine regions. The annual and month performances within different refrigerant 

flow rates and flow ratios of the refrigerant flowing to the solar collector was compared and analyzed. 

Through field measurement and dynamic simulation, the following conclusions have been reached:

1) With increase of the refrigerant flow rate in the S/A-DSHP system, the indoor temperature 

of building ascends at all times. However, the increase slows down after the total mass flow rate 

reached 14 g/s. Meanwhile, the mean annual water supplied temperature is about 40 ℃.

2) When the refrigerant flow is 14/0.7 (the total flow rate is 14 g/s and the ratio of the refrigerant 

flowing to the solar collector is 0.7), mean annual indoor temperature reaches 20 ℃ for the first 

time. But the mean temperature in the coldest month (January), is only 16.6 ℃.

3) When the refrigerant flow is 16/0.6 or 16/0.7, mean annual indoor temperature is above 

20 ℃, and the mean temperature in January is 17.6 ℃.

4) The optimal performance appears when the refrigerant flow is 16/0.6 or 16/0.7. 

Simultaneously, the mean COP for the whole heating period is 3.38. This paper presents 35 % 

improvement in COP.

Overall, for the severe cold regions, the S/A-DSHP system could make full use of the 

renewable energy and achieve pleasant indoor comfort effectively. These findings promote the 

application of the S/A-DSHP in such cold climate area and provided some references for the design 

of similar heat pump.
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Highlights

1. A novel solar/air-dual source heat pump system was proposed and adopted in Qinghai-Tibetan 

Plateau.

2. Integrated system performance with various refrigerant flow rates and ratios was explored.

3. Indoor thermal comfort and COP of integrated system were compared with different scenes.


