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In order to address the issue of inadequate heating in the northwest region of 
China, a hybrid heating system combining an air source heat pump and water 
storage is proposed. The proposed operation strategy and heating regulation 
mode are implemented in a water storage heating system and a hybrid heating 
system combining air source heat pump and water storage constructed using 
TRNSYS software. The optimization design is carried out with the annual cost 
value as the objective function. As a case study, the results demonstrate that the 
initial investment of the water storage thermoelectric boiler heating system 
increases with the increase of the heat storage ratio, while the annual operating 
cost decreases with the increase of the heat storage ratio. When the increased 
equivalent annual cost during the heating season exactly offsets the reduced 
annual operating cost, the optimal heat storage ratio is achieved. Furthermore, 
the optimal system is discussed. From the standpoint of comprehensive economic 
and energy conservation, the hybrid heating system exhibits notable advantages. 
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Introduction 

The majority of heating systems in northern China are powered by coal, resulting in 

significant emissions of smoke and severe environmental contamination [1]. The dual carbon 

targets are imminent, and their achievement depends on the energy consumption of the con-

struction industry [2]. According to statistics, the construction industry accounted for 50.9% 

of the China's carbon emissions in 2020 [3], and refrigeration and heating are the main 

sources of building energy consumption [4]. Concurrently, as living standards improve, the 

expectations of the living environment are elevated, leading to a rapid increase in energy con-

sumption [5]. This not only creates a peak-valley difference in the power grid [6] but also pre-

sents significant challenges to the realization of the dual carbon goal. In response to these 

challenges, air source heat pumps (ASHP) are increasingly utilized as an economical, energy-

saving, and pollution-free heating method [7]. The ASHP utilize ambient air to provide heat 

[8], and can be broadly classified into two categories: air-water heat pumps and air-air heat 

pumps. In terms of economics, air-water heat pumps are more cost-effective than air-air heat 

pumps, which are more suitable for modern heating systems [9, 10]. 

–––––––––––––– 
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Although ASHP exhibit favorable economic efficiency, they are susceptible to frost-

ing when operating in low ambient temperature and high humidity environments. Further-

more, an increase in compressor compression ratio results in a decline in system performance, 

rendering the heat pump unable to fulfill the heating needs of users. A considerable number of 

scholars have conducted research on ASHP heating. By developing technical and economic 

models for ASHP heating, Zhang et al. [11] demonstrated the viability of low temperature 

ASHP in cold and severe cold regions. Ma et al. [12] investigated the ASHP system with lo-

cal cooling of the scroll compressor, which addressed the heating issue in North China to a 

certain extent. Dong et al. [13] and Yang et al. [14] enhanced the heating efficacy of ASHP 

through the RCD thermal storage method. In conclusion, the majority of research has focused 

on the ASHP unit itself, with relatively little research conducted on its operating system. In 

light of the suboptimal heating performance of ASHP at low ambient temperatures, this paper 

proposes an ASHP water storage hybrid heating system by incorporating a stable and straight-

forward storage water boiler into the heating system. The hourly heat load and operational 

strategy of the building are taken into account when TRNSYS software is used to establish a 

storage water boiler heating system and an ASHP water storage hybrid heating system. The 

annual cost is taken as the objective function in order to compare and analyze the economic 

efficiency of the two heating systems, as well as to analyze the environmental benefits. 

System principle and operation strategy 

The ASHP is characterized by stable operation and high economic efficiency, ren-

dering it an optimal choice as the primary heat source at the outset and conclusion of the heat-

ing cycle. However, during the middle of the heating period, the heating capacity of ASHP 

units will significantly decline. Therefore, this paper proposes the use of water-storage ther-

moelectric boilers as an auxiliary heating source. The schematic representation of the heating 

system is depicted in fig. 1. 

 

Figure 1. Principle of hybrid system combined ASHP and water-storage boiler 

The operational strategy of the hybrid heating system, which combines an ASHP 

with a water storage boiler, is as follows: At the beginning and end of the heating season, the 

thermoelectric boilers are deactivated, and the ASHP are directly responsible for providing 

the heat users with hot water. In the middle of the heating season, the ASHP first heat the wa-
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ter to a specified temperature, then mix it with the high temperature effluent from the thermo-

electric boiler or thermal storage tank, and finally supply it to the heating users. Among these, 

the thermal storage tank is the preferred means of providing auxiliary heating. If the set-point 

value of the water supply temperature has not yet been reached, the thermoelectric boilers will 

be activated for heating purposes until the desired temperature for the water has been 

achieved. 

Mathematical model 

The mathematical model of the main equipment of the system 

Mathematical model of thermoelectric boiler 

The heat produced by a thermoelectric boiler can be expressed: 

 B P BQ Q    (1) 

where QB [kW] is the heat produced by the thermoelectric boiler, QP [kW] – the input power 

of thermoelectric boiler, and  hB – the overall efficiency of the thermoelectric boiler. 

The outlet water temperature of the thermoelectric boiler can be expressed: 

 B
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where tout,B [°C] is the outlet water temperature of the thermoelectric boiler, tin,B [°C] – the 

inlet water temperature of the thermoelectric boiler, ṁB [kgs–1] – the mass-flow rate of 

circulating water of the thermoelectric boiler, and cp [kJkg–1°C–1] – the specific heat capacity 

of water. 

Mathematical model of heat storage tank 

The temperature stratification of the heat storage tank can be modelled using a mul-

ti-node method. The heat storage water tank is vertically divided into multiple layers, with 

each layer corresponding to a temperature node. 

The energy balance equation for node i can be expressed: 

 
,H

s s s ,H L ,H L,r ,H a ,m
d

( ) ( ) ( )
d i

i i i i
p

T UA
m m T T m T T T T Q

t c
         (3) 

 ,m ,m 1,H ,H( )i i i iQ m T T   (4) 

where ṁS [kgs–1] is the average mass-flow rate of supply water on the heat source side, Ti,H 

[°C] – the water temperature of node i of the heat storage tank, Ts [°C] – the temperature of 

supply water, ṁL [kgs–1] – the average mass-flow rate of the return water on the load side, TL,r  

[°C] – the return water temperature on the load side, U – the heat loss coefficient of the heat 

storage tank, A [m2] – the surface area of the heat storage tank in contact with the environ-

ment, cp [kJkg–1°C–1] – the specific heat capacity of water, Ta [°C] – the ambient temperature, 

Qi,m [kJs–1] – the net exchange heat caused by mixing between nodes, and ṁi,m [kgs–1] – the 

net flow from node i-1 to node i. 
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Mathematical model of ASHP 

The outlet temperature of the ASHP can be expressed: 

 
h,air

w,out w,in
w w

Q
T T

m Cp
   (5) 

where Tw,out [°C] is the outlet water temperature of the ASHP, Tw,in [°C] – the inlet water 

temperature of the ASHP, Ȯh,air [kJs–1] – the total heat produced by the ASHP, ṁw [kgs–1] – 

the mass-flow rate of circulating water, and Cpw [kJkg–1°C–1] – the specific heat capacity of 

heating fluid. 

Evaporator side refrigerant heat absorption is computed: 

 e h,air comQ Q P   (6) 

where eQ [kJs–1] is the ASHP refrigerant heat absorption and Ṗcom [kJs–1] – the rated power of 

the compressor of the ASHP unit. 

Assuming that the humidity ratio of outlet air remains constant, the enthalpy value 

of outlet air on the evaporator side is given by: 

 e
air,out air,in

air

Q
h h

m
   (7) 

where hair,out [kJkg–1] is the outlet air enthalpy value of the ASHP evaporator, hair,in [kJkg–1]  

– the inlet air enthalpy value of the ASHP evaporator, and ṁair [kJs–1] – the outdoor air  

mass-flow rate. 

Enthalpy value of outdoor air after heat absorption is computed: 

 f
f ,out air,out

air

P
h h

m
   (8) 

where hf,out [kJkg–1] is the enthalpy of air at the outlet of the heat pump fan and Ṗf [kJkg–1] – 

the rated power of the heat pump fan. 
Total outdoor air energy consumption is given by: 

 total,air air f ,out air,in( )Q m h h   (9) 

where Ȯtotal,air [kJs–1] is the total outdoor air energy consumption. 

The heating performance coefficient of ASHP is calculated by: 
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where COPh is the heating performance coefficient of ASHP. 

Heat source allocation ratio 

The optimization of the heat source in a heating system is intended to address the 

discrepancy between the capacity of the equipment and the actual system, which can result in 

significant investment and economic implications. A reasonable determination of the heat 

source configuration scheme can reduce the capacity of the heat storage tank, thermoelectric 

boiler and ASHP, thereby reducing the project cost to the greatest extent possible while ensur-
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ing that the requirements of users are met. In order to facilitate the analysis, the concepts of 

heat storage ratio and ASHP configuration ratio are introduced in this study. 

The heat storage ratio of the water storage heating system is defined: 

 st

d

Q
X

L
  (11) 

where X is the heat storage ratio of the water storage heating system, stQ  [kWh–1] – the 

amount of heat provided by the heat storage tank, and Ld [kWh–1] – the heat load of the build-

ing in the design day. 

The heat storage ratio of the hybrid heating system is defined: 

 st
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k
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where kX  is the heat storage ratio of the hybrid heating system and hpQ  [kWh–1] – the 

amount of heat provided by the ASHP. 

The ASHP configuration ratio K is defined: 
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where K is the ASHP configuration ratio, Pk [kW] – the capacity of ASHP in the hybrid heat-

ing system, and Pk,max [kW] – the maximum hourly heat load of the hybrid heating system in 

the design day. 

Objective function 

From the perspective of engineering project analysis, life cycle cost (LCC) includes 

decision-making costs, construction costs, operation costs, and maintenance costs. This meth-

od is comprehensive and forward-looking, which not only helps maximize the economic ben-

efits of engineering projects, but also helps ensure the sustainability and standardization of 

engineering projects, facilitating intuitive display of their evaluation indicators. Therefore, 

this method is of great significance to engineering projects. In order to optimize the hybrid 

heating system, the influence of time-of-use electricity prices, heat storage rates, and heat 

source configuration rates on annual cost values was studied from the perspective of LCC. 

The mathematical expression of the entire life cycle cost can be expressed: 

 min min( )t nLCC C C   (14) 

where LCC [CNY] is the annual cost value of the heating design scheme, Ct [CNY] – the 

initial investment in the heating design scheme, and Cn [CNY] – the annual operating cost of 

the heating design scheme in the normal service life. 

In order to analyze and compare the initial investment and operating costs, the initial 

investment of the heating system is converted into an equivalent annuity according to the ser-

vice life of the equipment. This can be expressed: 

 
(1 )

(1 ) 1

f

t c f

a a
C C

a




 
 (15) 



Wang, X.: Optimization of a Hybrid Heating System Combining an … 
1904 THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1899-1907 

where Cc [CNY] is the initial investment cost in the heating system, a – the benchmark disco-

unt rate, and f [years] – the service life of the equipment. 

Case study 

Architectural overview 

The total heating area of the energy sta-

tion is 120000 m², and 13 heat exchange sta-

tions are supplied from the heat source. The pe-

riod of heating is from November 1 to March 

15 of the following year. The TRNSYS soft-

ware was employed to calculate the hourly heat 

load of the region which is illustrated in fig. 2. 

It can be observed that the maximum heating 

load occurred on January 7th of the following 

year. The cumulative maximum daily heat load is 115222.7 kW, while the annual cumulative 

heat load is 7537972.2 kWh. 

Model building 

In this study, the water supply and return temperature of the storage tank is 95/50 ℃, 

the water supply and return temperature of the primary side is 60/50 ℃, and the primary net-

work employs phased mass regulation. The water supply and return temperature of the second-

ary side is 55/45 ℃, and the secondary network employs quality regulation. The indoor temper-

ature of the building heating is set at 18 °C, and the heating terminals are radiators. 

The regulation of the heating system is illustrated in fig. 3. 

 

Figure 3. Heating supply regulation 

Study on optimization of heating system 

Analysis of impact of variations of heat storage ratio  

in water storage heating system 

According to the previous model, the annual cost value of heat storage ratio is calcu-

lated at 10% interval, as shown in fig. 4. 

 

Figure 2. Hourly heat load 
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Figure 4. Relationship between heat storage ratio and cost value 

It is evident that the total cost reaches a minimum within the range of 60% to 80% of 

the heat storage ratio. In other words, there exists an optimal heat storage ratio. Then the ini-

tial investment, operating cost and total cost are calculated in 1% increments. The results are 

shown in fig. 5. 

 

Figure 5. Relationship between heat storage ratio and cost value 

Figures 4 and 5 demonstrate that the initial investment of the water storage heating 

system increases with the rise in the heat storage ratio. Furthermore, the rate of increase ac-

celerates after a certain point. This is due to the increase in initial investment is only attributed 

to the increase in the capacity of the thermal storage tank. However, when the maximum 

power of the thermoelectric boiler during the valley power stage is greater than the maximum 

power of the thermoelectric boiler during the peak power stage, the increase in initial invest-

ment is caused by the increase in the capacity of the thermoelectric boiler and the thermal 

storage tank. In addition, the capacity of the thermoelectric boiler also begins to increase with 

the increase in thermal storage ratio, resulting in a faster increase rate. 

As the heat storage ratio increases, the annual operating cost decreases at a gradually 

slowing rate. This occurs because the heat load during most daily peak hours in the heating 

season is less than the designed daily heat load. As the heat storage ratio increases, the heat 

stored during the off-peak hours largely substitutes for the heat load during the peak hours. 

When the heat storage ratio continues to increase, the heat load during the peak hours in the 

early and late stages of the heating season can be fully offset by the energy stored during the 

off-peak hours. Continued increases in heat storage will primarily supplement the heat load 

during the off-peak hours, thereby slowing the decrease in annual operating costs. 
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As the heat storage ratio increases, the annual cost initially decreases and then in-

creases. When the initial investment is balanced with the decrease in annual operating costs, 

the optimal heat storage ratio is achieved. In this heating system, the optimal heat storage ratio 

is 67%, and the minimum cost is 2024100 CNY. 

Analysis of impact of variations of heat storage  

ratio in hybrid heating system 

Figure 6 illustrates the annual cost value for a hybrid heating system under different 

ASHP configuration ratios and different heat storage ratios. When Xk = 0.1, the optimal heat 

pump ratio K is 0.3. Conversely, when Xk = 1, the optimal heat pump ratio K is 0.4. As Xk in-

creases, the annual cost of the heat source 

scheme with a smaller K value initially decreas-

es and then increases. This indicates the exist-

ence of an optimal ASHP configuration ratio. 

Due to the priority given to using ASHP to 

meet building thermal load, the operating time 

of the thermal storage heating system has been 

reduced, resulting in an increase in the annual 

cost of the heat source scheme with a larger K 

value. In addition, the implementation of ther-

mal storage devices lowers the operating cost of 

the hybrid heating system, this advantage fails 

to compensate for the initial investment and ad-

ditional costs associated with the thermal stor-

age tank. 

As the ASHP configuration ratio increases, the load borne by ASHP gradually in-

creases, while the load borne by the water storage heating system gradually decreases. Conse-

quently, the operating cost of the hybrid heating system becomes less affected by the heat 

storage ratio. Given the significant initial investment required for ASHP, the annual cost is 

expected to increase with the increase in the heat storage ratio, particularly when the ASHP 

configuration ratio is relatively large. The results of the simulation indicate that the annual 

cost of the hybrid heating system is at its minimum when Xk = 0.5 and K = 0.4, amounting to 

1.685 million CNY. 

Discussion and conclusions 

The hybrid heating system is systematically studied, the principal findings are as fol-

lows.  

 For the heating system, TRNSYS software components were employed to optimize the 

overall system model. The system improves the economy of heat supply to a certain ex-

tent by regulating heat supply and using low energy to store heat. 

 The heating system has an optimal heat storage ratio, which is generally reached when the 

increase in the initial investment equivalent annuity is balanced by the decrease in the an-

nual operating cost. When the optimal ASHP configuration ratio is 0.4 and optimal heat 

storage ratio is 0.5, the annual cost of the hybrid heating system is the smallest, with a 

minimum of 1.685 million CNY. 

Although the hybrid heating system can be optimized and its efficiency has been 

greatly improved, there is still much room to further improve the system by using nanofluids 

 

Figure 6. Relationship between allocation ratio 
of ASHP and annual cost value 
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[15, 16]. Metal nanoparticles in the heating fluid can greatly enhance the heat transfer across 

the interface [17, 18].  
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