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 Facing the huge energy consumption of buildings, it is highly practical to study every 

aspect of energy-saving technologies for heating and cooling devices. Solar thermal 

technology and air/water source heat pump are two popular energy-saving technologies, 

which could be combined into a composite heating system with good energy-saving effect 

and efficiency. This paper constructs a solar-air source composite heating system, analyzes 

its thermodynamic features, and builds up the corresponding thermodynamic model. In 

addition, the authors modeled the daytime and nighttime heat balances, as well as the 

monthly cumulative heat supply for the constructed system. Finally, a dual-tank composite 

heating system was designed with independent heat supply/storage. The proposed models 

and system were proved valid and scientific through experiments. 
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1. INTRODUCTION 

 

Currently, buildings take up for about 35% of all energy 

consumed in China. This proportion increases year by year 

with the development of society [1-4]. Around 75% of 

building energy consumption are utilized for winter heating 

and summer cooling. Therefore, it is highly practical to study 

every aspect of energy-saving technologies for heating and 

cooling devices [5, 6]. 

The relatively mature building energy-saving technologies 

mainly adopt two strategies for energy-efficient heating: solar 

thermal technology and air/water source heat pump. The 

former strategy can solve the peak-valley difference of energy 

demand through energy storage and release; the latter transfers 

the thermal energy of low-grade heat sources to high-grade 

heat sources, so that no high-grade heat source is wasted in 

building heating [7, 8]. These two strategies could be 

combined into a composite heating system with good energy-

saving effect and efficiency. 

Solar thermal technology collects solar energy, and converts 

it into thermal energy for storage; the stored energy can be 

utilized by thermal terminals [9-11]. To mitigate the heat loss 

in convection in light-to-heat conversion, Roumpedakis et al. 

[12] developed a novel porous structure installed between the 

heat-absorbing fin and the cover plate of flat-plate collector, 

which enhances the heat transfer between heat transfer 

medium and absorber plate/water. Focusing on flat-plate 

collector, Zeng et al. [13] explored the natural convection 

features between water and heat transfer medium in solar 

collector tubes of different structures, as well as their heat 

collection performance, found that the heating system has no 

requirement on pump consumption, and optimized the 

thickness of the insulation layer at different angles for the 

collector tube with a triangular flow channel section. Under 

constant illumination and supply/return water temperature, Yu 

et al. [14] studied how the physical properties of the heat 

storage body in solar heating system affect the heat storage 

features and solar load rate, and constructed a mathematical 

model of the collector aimed to optimize the heat collection 

per unit area and tilt angle. 

In 2001, China launched the coal-to-electricity project. 

Since then, the air source heat pump (ASHP) has been widely 

applied to heat supply. Many Chinese scholars have explored 

the winter energy consumption, heating stability, and heating 

comfort of this heating method [15]. Nogueira et al. [16] 

surveyed the operation of the ASHP heating system in rural 

areas of northern China, and analyzed the heating performance 

and use economy of the system under different control 

strategies. Ong [17] conducted a Fluent simulation of the 

actual operating effects and influencing factors of the ASHP 

radiant floor heating system, and designed an example system 

based on the calculation of parameters like heating 

temperature coefficient, house space area, floor material 

selection, pipe length, and pipe diameter. 

In a low temperature environment, the ASHP system 

performs poorly and consumes too much energy. Meanwhile, 

the solar thermal system has the problems of unstable heat 

exchange in light-to-heat conversion, and the mismatch 

between supply and demand, owing to the instability of solar 

energy [18-22]. Huan et al. [23] combined the solar thermal 

system with the ASHP system into a composite heating system, 

which improves the energy-saving efficiency of building 

heating. Many scholars have probed deep into the performance 

and influencing factors of such a composite heating system. 

Dombrovsky et al. [24] built up a mathematical model of the 

composite heating system, simulated the system based on 

TRNSYS, and proved the high fitness between the actual and 

simulated systems. Davies et al. [25] constructed a transient 

calculation model for the composite heating system, analyzed 

the operating economy of the system, calculated the system’s 

annual expense and return on investment, and optimized the 

system model based on the calculation results. 

This paper thoroughly analyzes the thermodynamic features 

of the solar-air source composite heating system, and 

rationalizes the system design. The proposed design could 

mitigate the mutual interference between solar collector and 
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ASHP, reduce the working time of the ASHP system, and 

improve the utilization rate of solar heating, resulting in 

enhanced operating performance of the composite heating 

system. 

The rest of this paper is organized as follows: Section 2 sets 

up the architecture of the composite heating system, analyzes 

the thermodynamic features of the system, and establishes the 

corresponding thermodynamic model; Section 3 models the 

daytime and nighttime heat balances, as well as the monthly 

cumulative heat supply for the constructed system; Section 4 

gives the steps and keys of the design for a dual-tank 

composite heating system was designed with independent heat 

supply/storage; Section 5 verifies the effectiveness and 

scientific nature of the proposed models and system; Section 

6 summarizes the findings of this research. 

 

 

2. SYSTEM ARCHITECTURE AND 

THERMODYNAMIC FEATURES 

 

Figure 1 shows the architecture of a single-tank heating 

system that combines solar thermal technology and ASHP. 

There are three thermal cycles in the system: solar collector 

heat generation cycle, ASHP heat generation cycle, and indoor 

water heating cycle. 
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Figure 1. The architecture of a single-tank solar-air source composite heating system 

 

In the solar collector heat generation cycle, the heat 

collector converts solar energy into thermal energy. Then, the 

thermal energy is absorbed by the heat absorption layer, and 

used to heat up the cold water in the heat collection tubes. 

Since the heat collector is placed with a tilt angle, there is a 

temperature difference between its inlet and outlet. By the 

thermosiphon principle, the circulating water pump makes the 

water to circulate in the system. The cold water from the hot 

water storage tank is heated, and then flows back to the tank, 

serving as a heat storage medium that stores the collected solar 

thermal energy. 

In the ASHP heat generation cycle, the evaporator absorbs 

the low-temperature heat from the air through evaporation. 

The liquid fluorine medium is vaporized, compressed by the 

compressor, and converted into a hot high-pressure gas, which 

then heats up the cold water in the condenser. The hot water 

returns to the hot water storage tank to store the thermal energy 

from the hot high-pressure gas. Meanwhile, the fluorine 

medium gas is uniformly liquefied by depressurization at the 

expansion valve, producing a cold low-pressure liquid. The 

liquid is pumped to the evaporator again to kick off the next 

cycle of gasification and liquefaction. 

In the indoor water heating cycle, the hot water in the hot 

water storage tank is pumped out by the booster water pump 

to supply the domestic water for the building, and to form a 

heating cycle in the indoor heating pipes. The hot water flows 

out from the tank towards the building to supply heat to the 

interior; then, the cold water flows back to the tank, and heated 

up by solar energy and hot high-pressure gas again. 

Before thermodynamic feature analysis, the following 

assumptions were made for the solar-air source composite 

heating system: the composite heating system receives solar 

energy, air energy and electric energy, and outputs the thermal 

energy of the hot water in the hot water storage tank.  

When the composite heating system outputs heat to the 

building, the output thermal energy is positive; when the 

composite heating system absorbs heat from the outside, the 

output thermal energy is negative. Let CW and MFW be the 

constant pressure specific heat and mass flow of the circulating 

water flow in the composite heating system, respectively. 

Then, the output heat of the system can be expressed as: 

 

)( inoutWp ttMFCH −=  (1) 

 

where, tin and tout are the inlet and outlet temperatures of the 

water tank, respectively; Tin and Tout are the inlet and outlet 

thermodynamic temperatures of the water tank, respectively; 

TR is the room temperature. The thermal exergy output can be 

expressed as: 
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The electric input to the system can be expressed as: 

 

ASPSEC PHPE /)( −−=  (3) 

 

where, PH is the thermal power output of the composite 

heating system; PSE is the effective heat collection of the solar 

collector; PC is the power consumption of the voltage drop 

device; μASP is the heat generation performance coefficient of 

the ASHP. The exergy input of the system can be can be 

expressed as: 
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ASPSECE PHPEEXE /)( −−==  (4) 

 

The total energy output and total exergy output by the 

system can be respectively expressed as: 

 

EHW +=  (5) 

 

EH EXEEXEEXE +=  (6) 

 

The total heating coefficient λtotal, heating coefficient λH, 

and power consumption coefficient λE of the composite 

heating system can be expressed as: 
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where, PSE-total is the total heat collection of the solar collector. 

The total exergy efficiency γtotal, thermal exergy efficiency γH, 

and electric exergy efficiency γE of the composite heating 

system can be expressed as: 
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where, EXESE is the total exergy of the solar collector. Taking 

the surface temperature of the sun as 5,770°C, the EXESE value 

can be calculated by: 
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3. HEAT BALANCE MODELING 

 

According to the working principle of the solar-air source 

composite heating system, the operating process of the system 

can be divided into three steps: heat generation, heat storage, 

and heat supply. In the heat generation step, the heating mode 

is adjusted according to the lighting conditions. In daytime, the 

system can switch between single and dual heating modes 

freely. In nighttime, the ASHP heating mode must be adopted. 

In the heat storage step, the hot water storage tank stores and 

supplies heat. The heat balances between system modules can 

be analyzed based on the operating process of the system 

during the day and night. In the heat supply step, the hot water 

storage tank supplies building users with domestic hot water 

and provides heat to indoor heating cycle. This section mainly 

models the heat balances of the system at daytime and 

nighttime. 

 

3.1 Daytime system model  
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Figure 2. The heat balances at daytime 

 

In the daytime, the heat balances of two stages, namely, heat 

generation-heat storage and heat storage-heat supply, were 

modeled. Figure 2 shows the heat balances at daytime. For 

simplicity, the unit time in the transient heat balances was 

fixed to 1s. Then, the heat balance of heat generation-heat 

storage can be described by: 

 

SE total ASP total HS HL
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P P P

− − −

− −

+ −
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 (10) 

 

where, PASP-total and PSE-total are the total heat generations of the 

ASHP system and the solar thermal system, respectively; PSE-

HL and PASP-HL are the heat losses in the circulation pipes of the 

ASHP system and the solar thermal system, respectively; PHST 

and PHS-HL are the heat output and heat loss of the hot water 

storage tank, respectively. The heat generation of the solar 

collector can be calculated by: 

 

HLSEHLtotalSEPSE PPP −−−− −=   (11) 

 

where, δL-H is the light-heat conversion efficiency of the solar 

collector. The heat balance in the heat storage-heat supply can 

be described as: 

 

HDHLCHHLHSHST PPPP =−− −-
 (12) 

 

where, PCH-HL is the heat loss in the circulation pipes during 

heat supply; PHS-HL is the heat loss of the hot water storage tank 

during heat storage; PHD is the total heat demand of the 

building. In daytime, the solar thermal system serves as the 

primary heat source of heat generation-heat storage. 
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During heat generation-heat storage, the total solar energy 

acts as a heat source. The light-heat conversion efficiency of 

the solar collector δL-H depends on the inlet and outlet 

temperatures of the collector and solar radiation intensity. The 

correlation of δL-H with the inlet and outlet temperatures and 

room temperature can be characterized by the normalized 

temperature difference: 

 

SRITTT Rinin /)( −=  (13) 

 

where, SRI is the total solar radiation power on the 

photosensitive surface of the solar collector. For the 

polypropylene random copolymer (PPR) water pipes, its heat 

loss is determined by the heat transfer coefficient ηP. During 

heat generation-heat storage, the heat loss per unit of 

circulation pipe of the solar collector can be calculated by: 

 

PPPHLSE ThP =−   (14) 

 

where, hP is the thickness of the water pipe; ∆TP is the 

temperature difference between the inner and outer walls of 

the water pipe. Let ρ be the density of water, and SP be the 

cross-sectional area of the water pipe. During heat generation-

heat storage, the heat loss per unit of circulation pipe of the 

ASHP can be calculated by: 

 

)( inASPoutASPWpWHLASP TTvSCP −−− −=   (15) 

 

where, TASP-in and TASP-out are the inlet and output water 

temperatures of the ASHP, respectively. During heat supply, 

the total heat demand of the building PHD covers the domestic 

hot water of building users and the indoor heating load: 

 

CHHWHD PPP +=  (16) 

 

where, PHW is the heat of domestic hot water; PCH is the heat 

demand for indoor heating. If PHST=PHD, the composite heating 

system can fully satisfy the heat demand of the building. The 

PHS-HL value depends on the thermal conductivity ηKW of the 

insulation material used in the hot water storage tank: 

 

HSKWKWHLHS ThP =−   (17) 

 

where, hKW is the thickness of the insulation material; ∆THS is 

the difference between water temperature of the hot water 

storage tank and the indoor temperature. 

 

3.2 Nighttime system model 

 

Figure 3 shows the heat balances of the composite heating 

system at nighttime. During the night, the heat source of heat 

generation-heat storage is the heat stored in the hot water 

storage tank and the heat generated by the ASHP. The former 

can be calculated from the water temperature and water 

storage in the tank, while the latter can be derived from the 

inlet-outlet temperature difference of the AHSP. The heat 

balances at nighttime can be described by: 

 

HSTHLASPHLHStotalASPtotalHS PPPPP =−−+ −−−−
 (18) 

 

where, PHS-total is the total heat of the hot water in the tank. The 

heat generation and heat loss in circulation pipes of the ASHP 

at nighttime were calculated by the same method as in 

Subsection 3.1; the parameters of heat balances during heat 

supply were also computed by the same method as in the 

preceding subsection. 
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Figure 3. The heat balances at nighttime 

 

3.3 Cumulative heat supply in different months 

 

With the change of season, the PASP-total and PSE-total of the 

composite heating system will vary, so will the PHD. In winter, 

the PHD value surges up, the mean water temperature in the 

system declines, and the domestic hot water and indoor 

heating load both increase. The PHD value drops in spring and 

autumn, and minimizes in summer (when the system only 

needs to supply domestic hot water). To evaluate the macro 

operation performance of the system, the cumulative heat 

supply was modeled for different seasons. 

In spring, summer, and autumn, the per-capita daily demand 

for hot water was set to 50L. It was assumed that the system 

supplies hot water of 40°C, and each household has three 

persons. Then, the cumulative heat supply of the composite 

heating system can be calculated by: 

 

)40(350 MWOHSC TCP −=−   (19) 

 

where, ΔTM is the difference between the water temperature in 

the current month and the annual mean water temperature. 

In winter, the cumulative heat supply of the composite 

heating system can be calculated by adding up the PHSC-O, the 

cumulative heat supply of the solar collector PSE-D, and the 

cumulative heat supply of the ASHP PASP-D: 

 

DASPDSEOHSCWHSC PPPP −−−− ++=  (20) 

 

 

4. SYSTEM DESIGN 

 

Figure 4 illustrates the architecture of our dual-tank 

composite heating system. The system adopts the independent 

heat supply/storage mode of solar collector and ASHP, making 
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it easier and more flexible to switch between different heating 

modes. 
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Figure 4. The architecture of dual-tank composite heating 

system 

 

4.1 Heat collection area 

 

The heat collection area determines the heat generation 

capacity of the solar thermal system. For each kind of solar 

heat exchange method, there is a unique way to compute the 

heat collection area. If the solar thermal system adopts the 

direct heat exchange mode (centralized storage of solar 

radiation heat in hot water storage tank), the heat collection 

area SD of solar collector can be calculated by: 

 

)1(

86400

HLESES

ESHD
D

SRI

LP
S

−−
=


 (21) 

 

where, LES is the load rate of solar thermal system; γES and γES-

HL are the mean collection efficiency and heat loss in 

circulation pipes of the solar collector, respectively. 

Table 1 lists the amount of solar radiation and solar load rate 

in regions of China with different levels of solar energy 

abundance. From formula (21), it can be learned that the SD 

value of the solar thermal system with direct heat exchange is 

mainly affected by the total heat demand of the building, the 

local solar radiation intensity, the heat load distribution of the 

solar thermal system, the heat collection efficiency of the 

collector, and the heat loss in the circulation pipes. 

 

Table 1. The amount of solar radiation and solar load rate in 

regions of China with different levels of solar energy 

abundance 

 
Level of solar 

energy abundance 

Amount of solar 

radiation per unit area 
LES 

1 ≥7,500 70~80 

2 6,500~7,500 55~70 

3 5,500~6,500 45~55 

4 4,500~5,500 30~45 

5 ≤4,500 25~30 

 

If the solar thermal system adopts the indirect heat exchange 

mode, the cold water can be heated up by the solar radiation 

heat, using a plate heat exchanger. The different working 

media on the two sides of the exchanger might lead to 

temperature difference. To prevent this temperature difference, 

the heat collection area SI must be relatively large. Let ηES be 

the total heat loss coefficient of the solar collector, and SHS and 

ηHS be the heat exchange area and heat transfer coefficient of 

the heat exchanger in the hot water storage tank, respectively. 

Then, the SI value can be computed by: 

 

)1(
HSHS

DES
DI

S

S
SS




+=  (22) 

 

Let FES-U be the flow of heat transfer medium per unit area 

of the collector’s cross-sectional area. Then, the circulation 

flow FES-C of the heat transfer medium in the solar thermal 

system can be calculated by: 

 

ESUESCES SFF -- =  (23) 

 

where, SES is the heat collection area of the solar collector in 

the solar thermal system. If the system adopts the direct heat 

exchange mode, S=SD; if the system adopts the indirect heat 

exchange mode, S=SI. Table 2 provides the flows of common 

heat transfer media per unit area. 

 

Table 2. The flows of common heat transfer media per unit 

area 

 
Type of solar thermal systems FES-U 

Solar water heater 
Vacuum tube 0.041~0.078 

Flat plate 0.075 

Direct centralized solar heating 0.019~0.057 

Small solar heating 0.022~0.041 

Indirect centralized solar heating 0.013~0.017 

Composite heating system 0.036 

 

4.2 ASHP model 

 

To satisfy the maximum heat demand of the building, the 

heat generation on the nameplate of the ASHP is the transient 

value tested under standard working conditions, without 

considering the heat loss caused by defrosting. Under the 

actual working conditions in cold regions or in winter, the 

actual heat generation PASP-T of the composite heating system 

can be calculated by: 

 

DEDBtotalASPTASP PP  = −−
 (24) 

 

where, ηDB and ηDE are the correction coefficients of dry bulb 

and defrosting temperatures, respectively. The common values 

of ηDB are listed in Table 3. 

 

Table 3. The common values of defrosting temperatures 

 
Dry-bulb temperature Defrosting temperature 

-8 0.70 

-6 0.74 

-4 0.77 

-2 0.80 

0 0.83 

2 0.89 

4 0.92 

6 0.96 

8 1.01 

 

4.3 Tank volume 

 

The heating performance of the composite heating system 

hinges on the volume of the hot water storage tank. Suppose 

the vertical temperature change of the water flow in the tank is 
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uniform, with a negligible heat loss throughout the heating 

process. Then, the tank volume VES-HS for the solar thermal 

system can be calculated by: 

 

UHSESESHSES VSV −−− =  (25) 

 

where, VES-HS-U is the tank volume corresponding to each unit 

of heat collection area in the solar thermal system. As shown 

in formula (25), the tank volume for the solar thermal system 

is constrained by the following factors: the heat collection area, 

installation budget, and installation position of the collector. 

Table 4 presents the tank volumes corresponding to each unit 

of heat collection area for heating systems with different heat 

storage modes. 

 

Table 4. The tank volumes of different heating systems 

 
Type of thermal 

heat storage 
Tank volume corresponding to each unit 

of heat collection area 
Domestic hot water 60-110 
Short-term storage 60-160 
Long-term storage 1,500-2,200 

 

In the ASHP heating system, the tank volume is influenced 

by the circulating water capacity and the duration of defrosting 

in cold regions or in winter. Suppose the defrosting period tDE 

lasts 5min, the maximum decline in hot water temperature 

ΔTmax is 3°C, and the total length of coils per unit area LASP is 

5m. Then, the tank volume can be computed by: 
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5. EXPERIMENTAL VERIFICATION 

 

This section attempts to verify whether the design of the 

proposed composite heating system, and its thermodynamic 

models are scientific. Firstly, the composite heating system 

was applied in a high and cold region. The variation in solar 

radiation intensity and indoor temperature during the heating 

process was recorded (Figure 5). It can be seen that, on each 

day, the solar radiation intensity peaked at around 12:00, and 

the indoor temperature reached the maximum at about 16:00.  

To improve the heating performance, the heating ratio of the 

two heat sources in the system must be reasonably regulated 

from period to period. Therefore, the inlet and outlet water 

temperatures of the water tank, and transient solar radiation 

intensity during the heat generation of the composite heating 

system were simulated. Part of the data were exported from 

the solar collector heat generation cycle, ASHP heat 

generation cycle, and indoor water heating cycle, respectively. 

Then, the calculated values and measured values were 

imported to the established thermodynamic model and heat 

balance models for verification. 

The calculated and measured total heat demands of the 

building at daytime and nighttime are compared in Figures 6(a) 

and 6(b), respectively. Obviously, the time lag of hot water 

supply in the water tank increased the error in the total heat 

demand of the building. 

 

 
(a) 

 
(b) 

 

Figure 5. The variation in solar radiation intensity (a) and 

indoor temperature (b) during the heating process 

 

 
(a) 

 
(b) 

 

Figure 6. The total heat demand of the building at daytime 

(a) and nighttime (b) 

 

Figure 7 provides the normalized temperature difference of 

solar collector at daytime. It can be seen that the normalized 

temperature difference was fitted well, with a mean relative 

error of 6.49%. The above results show that the heat balance 

model of daytime applies to the thermodynamic analysis of the 

heating system in high and cold regions. 
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Figure 7. The normalized temperature difference of solar 

collector at daytime 

 

Figure 8 displays the heat generation performance of ASHP 

heating system at different target temperatures of heat 

generation. It can be seen that, for the ASHP heating system, 

with the decline in indoor temperature, the ratio of the heat 

generation to the shaft power of the compressor under the 

same working condition gradually decreased. In other words, 

the ASHP heating system has a low efficiency and high energy 

waste, when the room temperature is low and the target 

temperature of heat generation in high. This is consistent with 

the actual situation. 

 

 
 

Figure 8. The variation in heat generation performance of 

ASHP heating system 

 

The ASHP heating system could work continuously at 

nighttime and on rainy/snowy days. The heat generation of the 

system under these conditions is recorded in Figure 9. It can 

be seen that the heat generation at nighttime changed similarly 

as that on rainy/snowy days, and the relative error at nighttime 

followed basically the same trend as that on rainy/snowy days. 

With the extension of heat generation period, the heat 

generation had a slight decline. Frost phenomenon exerted a 

great impact on the system. Low ASHP automatically defrosts 

during about 120-160min. Increasing the defrost frequency 

can reduce the heat generation and relative error. 

Figure 10 compares the relative error between heat 

generation and heat storage of the composite heating system 

in different periods at nighttime. During The night, the mean 

relative error of the system’s heat generation stood at 7.91%, 

suggesting that the heat balance of the system is greatly 

influenced by the ambient temperature at night. 

 
 

Figure 9. The heat generation of the ASHP heating system at 

nighttime and on rainy/snowy days 

 

 

 
 

Figure 10. The relative error between heat generation and 

heat storage in different periods at nighttime 

 

 
 

Figure 11. The heat generation of solar thermal system and 

ASHP heating system 

 

Figure 11 provides the heat generation curves of the two 

heat sources of the composite heating system at daytime. It can 

be seen that a good heat generation effect was achieved 

through the collaboration between solar thermal system and 

ASHP heating system. The overall effect was desirable, 

despite a certain time lag in the assistance of ASHP. In a few 

periods, the solar radiation was blocked by the clouds. In this 

case, the actual heat generation of the system decreased with 
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the inlet water temperature of the collector. Hence, the heat 

balance did not change gradually in this scenario, resulting in 

a slight rise in relative error from 5.74% to 13.42%. 

Figure 12 compares the relative error between heat 

generation and heat storage of the system in each month. The 

relative error was negative in the cold winter, indicating that 

the calculated total heat demand of the building is smaller than 

the actual value. In other months, the relative error was 

positive, that is, the calculated total heat demand of the 

building is greater than the actual value. These findings agree 

well with the actual situation. 

 

 
 

Figure 12. The relative error between heat generation and 

heat storage in each month 

 

 

6. CONCLUSIONS 

 

In this paper, a solar-air source composite heating system is 

established for thermodynamic feature analysis and 

thermodynamic modeling. The heat balances of the composite 

heating system were modeled for different periods in daytime 

and nighttime. Besides, the cumulative heat supply of the 

system was modeled for different months. Then, the authors 

designed a dual-tank composite heating system with 

independent heat supply/storage, and specified the steps and 

key points in the design. Experimental results show that the 

proposed models are effective and scientific, and basically in 

line with the actual situation. 
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