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 In recent years, northern China has continuously promoted gas-fired heating systems, and 

more residential heating terminals have adopted the gas wall-hung boiler systems. Factors 

such as the output power of the wall-hung boiler, the heating operation mode, and the 

thermal insulation performance of the building envelope all affect the final building energy 

consumption. The authors attempt to achieve the goal of energy saving through 

systematical analysis of these factors. The method of system dynamics analysis was 

introduced into the energy consumption analysis of wall-hung boiler. Besides, taking a 

residential building in Tianjin as an example, a system dynamic model of the wall-hung 

boiler system was constructed and simulated; the simulation analysis was conducted about 

the impact of the thermal insulation performance of the enclosure structure on the operation 

and output power of the wall-hung boiler, the impact of the rated power on the energy 

consumption of the building, and the impact of the temperature difference at shutdown on 

the energy consumption of the building, and the impact of the temperature difference at 

shutdown on the energy consumption of the building. The results showed that with the 

insulation layer thickness of 100mm, the energy-saving effect is better; with the wall-hung 

boiler output power of 20KW, the average energy consumption of the building is relatively 

small; the low system temperature difference at shutdown is more conducive to system 

energy saving. 
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1. INTRODUCTION 

 

The proportion of heating energy consumption in the total 

social energy consumption in northern China has been 

increasing. At the end of 2016, the heating area in the northern 

region had reached 20.6 billion square meters, of which 11%, 

about 2.2 billion square meters of buildings, use natural gas as 

heating energy [1] According to the Clean Heating Plan for 

the Northern Region in Winter, it’s estimated that by 2021, 1.8 

billion square meters of natural gas heating area will be added 

in the northern region, with a cumulative increase of 23 billion 

cubic meters of gas consumption [2]. Household gas wall-

hung boilers are suitable for areas that are not covered by the 

heating network. Because of their low cost, simple installation 

method and easy household control, they have become one of 

the main gas heating methods in cold areas in winter [3]. 

Meanwhile, the building energy conservation movement has 

been constantly carried out in China. But the residents are 

sensitive to heating costs. It has become a research hotspot on 

how to ensure the heating effect while maximizing energy 

conservation now [4]. 

At present, many scholars have carried out related research 

on the heating problem of residential buildings. Beausoleil-

Morrison et al. [5] studied solar heating of cold-climate 

households and found that seasonal energy storage can solve 

the heating problem of residential buildings. Alptekin et al. [6] 

conducted research on residential heating systems with natural 

gas thermal power, concluding that such heating systems can 

reduce power consumption and have better economic 

efficiency. O'Rear et al. [7] performed a comparative analysis 

between natural gas heating and electric heating systems for 

low-energy residential buildings, and discovered that electric 

heating systems have better economics, while natural gas 

heating systems have less environmental impact and have less 

impact on the environment, which is more favorable for 

sustained development. Thomas et al. [8] analyzed the types 

of envelope structure from the perspective of steady-state heat 

flow and dynamic heat flow, and proposed that different types 

of heating systems should choose appropriate envelope 

structure systems. Evin and Ucar [9] carried out the research 

on the heating and cooling load of residential buildings in 

Turkey, and compared the effects of different insulation 

materials on the comprehensive energy consumption of 

buildings. Zanetti et al. [10] studied the energy saving of 

photovoltaic heat pumps for optimally controlled hybrid 

building heating systems and found that heating systems with 

optimal energy management strategies can save up to 20% of 

energy costs. 

Regarding wall-hung boiler systems, some scholars have 

also performed a series of studies. Mattinen et al. [11] 

analyzed the independent heating system of gas wall-hung 

boilers and air source heat pumps, finding that gas wall-hung 

boiler systems are more suitable for northern residential 

heating; Ekholm et al. [12] analyzed the direct relationship 

between indoor temperature and energy consumption of 

household gas wall-hung boilers through the experiments; 
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Rodríguez-Pertuz et al. [13] concluded in their study that 

compared with central heating systems, wall-hung boilers 

have the characteristics of autonomous control, flexible 

installation, and high comfort adaptability. Generally speaking, 

most of the current researches focus on the applicability of 

wall-hung boilers, but there are relatively few studies on the 

systemic energy saving of wall-hung boilers. As an 

independent heating system, the heating and energy saving of 

wall-hung boiler is subjected to many factors, including the 

power of the wall-hung boiler, the heating operation mode, and 

the insulation performance of the building envelope etc. [14]. 

These factors interact and influence each other. It is difficult 

to analyze them using a single method. System dynamics 

analysis is a currently widely used tool in ecosystems, 

mechanical systems, management systems and other fields 

[15-18]. It can analyze the operation of complex systems under 

different operating conditions [19], and is suitable for the 

research on the effect of system heating in the gas wall-hung 

boilers. Through analysis for these factors using system 

dynamics tools, this paper aims to obtain the best operating 

parameters of the wall-hung boiler heating system and achieve 

system energy saving. 

 

 

2. MATERIAL AND METHODS 
 

2.1 Operation mode of wall-hung boiler system 

 

Residential wall-hung boiler is an automatic independent 

heating system that uses natural gas as energy and water as 

heat medium to increase water temperature through gas 

combustion, thereby meeting residential heating requirements 

[20]. It consists of combustion system, heat exchange system, 

waterway system and control system. The combustion system 

and the water system start simultaneously after sensing the 

heating demand through the boiler's temperature sensing 

system. Then, the heat exchange system and the combustion 

chamber burn gas for heat exchange, and the heated hot water 

is circulated through the circulating water pump. When the hot 

water is delivered to the radiator, the radiator supplements the 

heat to the room for maintaining the indoor temperature. With 

the water temperature or room temperature reaching the set 

temperature, the system temporarily stops running and 

maintains the room temperature by the heat accumulated in the 

room; with the room temperature or water temperature lower 

than the set temperature, the system restarts. In this way, the 

heating work is completed. 

 

2.2 Advantages of system dynamics method during its 

application in energy consumption analysis of wall-hung 

boiler  

 

Currently, most of the researches on heating energy saving 

are based on the first law of thermodynamics, using the heat 

balance equation [21], or energy consumption simulation 

software such as EnergyPlus, and eQUEST, etc. [22]. These 

methods are suitable for heating with a relatively stable heat 

source [23]. The wall-hung boiler system needs to be started 

frequently, and the energy fluctuates frequently. The 

traditional simulation method cannot accurately simulate the 

building energy consumption of this system. Moreover, 

factors such as the output power of the system, the heating 

operation mode, and the insulation performance of the 

building envelope affect the overall property of energy saving; 

the mechanism of action between different factors is relatively 

complex, which is difficult to explain with a single 

mathematical model. Thus, it’s necessary to find a new 

analysis tool or method for the energy-saving problem of wall-

hung boiler system. 

As a comprehensive research method, system dynamics is 

mainly used to study complex systems, and solve systemic 

problems by studying the feedback and operation of system 

information [24]. It is suitable for studying dynamic systems, 

and constructing dynamic system models through analysis of 

the internal organizational structure, material flow, 

information flow, and feedback mechanism of the system. It is 

based on system theory and integrates cybernetics and 

information pathways, which can solve and analyze system 

operation problems in which multiple factors influence each 

other [25]. Therefore, the analysis method of system dynamics 

can well solve the energy consumption problem of the wall-

hung boiler heating operation. 

When applying system dynamics to solve practical 

problems, it is first necessary to analyze the constituent 

elements and specific parameters of the system and find the 

operation mode, then to establish the system process according 

to the system operation law and run the model simulation in 

the software, and finally perform the results analysis. 

 

2.3 Setting the elements of wall-hung boiler system 

 

2.3.1 Case selection and system element analysis 

A residential unit in Tianjin was selected as an example, and 

its system dynamic model was constructed for specific 

analysis, as shown in Figure 1.  

 

 
 

Figure 1. A high-rise residential unit type in Tianjin 

 

This was an intermediate unit and adopted a shear wall 

structure with the building area of 98.61m2, the building height 

of 2.9m, the exterior wall area Sw of 40.20 m2, the exterior 

window area Sc of 11.70 m2, and the heat transfer coefficient 

Kc of 2.3 W/(m2•K). The exterior wall was constructed from 

the inside to the outside as follows: lime-painted, 20mm thick; 

thermal conductivity λ1 for 0.81 W/(m•K); reinforced concrete 

shear wall, 200mm thick; thermal conductivity λ2 for 1.74 
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W/(m•K); expanded polystyrene as a thermal insulation 

material, and a thermal conductivity λ3 of 0.041 W/(m•K); a 

decorative surface layer of cement mortar, 20mm thick, with a 

thermal conductivity λ4 of 0.93 W/(m•K). In addition, the total 

thermal resistance of the outer wall was Rw, the heat transfer 

coefficient of the outer wall was Kw, and the overall heat 

dissipation strength of the enclosure structure was Q. Q was 

affected by the indoor and outdoor temperature difference and 

the heat transfer coefficient of the enclosure structure. When 

the heat transfer coefficient of the enclosure structure is 

constant, the greater the indoor and outdoor temperature 

difference, the higher the overall heat dissipation strength of 

the enclosure structure; when the indoor and outdoor 

temperature difference is constant, the greater the heat transfer 

coefficient of the envelope structure, the higher the overall 

heat dissipation strength of the envelope structure. Thus, more 

energy E needs to be supplemented by the wall-hung boiler 

system. Also, factors such as the power P and the temperature 

difference T at shutdown will also affect the heat dissipation 

of the enclosure structure. These factors need to be 

comprehensively considered when analyzing energy 

consumption. 

 

2.3.2 System energy-balance equation 

The entire system follows the law of conservation of energy. 

In order to maintain a relatively constant indoor temperature, 

the heat added to the room by the wall-hung boiler needs to be 

equal to the heat lost by the enclosure structure: 

 

𝐸 = 𝑄 × 𝑡 (1) 

 

The basic system dynamics model of indoor energy 

consumption was constructed according to the above 

parameters and relations. 

 

2.4 Establishing the system dynamic model of wall-hung 

boiler system 

 

2.4.1 Model establishment and flow chart design of wall-hung 

boiler system 

To establish a wall-hung boiler system model, the operation 

law of different subsystems and the relationship between the 

subsystems under the principle of energy balance need to be 

analyzed to find the main contradiction, and determine the 

relationship between the different subsystems. Then, the 

elements of the subsystems should be confirmed, and assigned 

with values based on actual data or theory. 

According to the operating principle of the wall-hung boiler 

system, the system flow chart was established in the system 

power software Vensim Ple, as shown in Figure 2. This 

process mainly consists of two subsystems: the energy supply 

subsystem and temperature control subsystem. After the 

system is started, the temperature control subsystem first 

detects and monitors the indoor temperature through the 

monitor 2. When the indoor temperature is lower than the set 

temperature, the energy supply subsystem is started, then the 

gas boiler works, and the temperature of the heat transfer 

medium in the radiator rises, supplying heat to the room. Then, 

monitor 1 starts to monitor the temperature of the heat transfer 

medium. When the temperature of the heat transfer medium is 

higher than the set shutdown temperature and the indoor 

temperature is higher than the set minimum room temperature, 

the energy supply system is shut down through the controller. 

At this time, energy flows outward through the enclosure 

structure, and the temperature of the heat transfer medium 

begins to drop. When the temperature drop of the heat transfer 

medium is greater than the temperature difference at shutdown 

and the room temperature is lower than the set minimum 

temperature, the heating system is turned on and the wall-hung 

boiler starts to work. This shall provide heat to the room and 

maintain a relatively stable indoor temperature. 

 

 
 

Figure 2. System dynamics flow chart of the wall-hung boiler system 
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2.4.2 Setting the heating operation system of wall-hung boiler  

The weather conditions of Tianjin in the cold area were 

taken as the external boundary, and the outdoor calculated 

temperature during the heating period was selected as the 

external environment calculation parameter of the system. The 

system is divided into an energy subsystem and a control 

subsystem. The energy subsystem mainly include: wall-hung 

boiler output power, heat dissipation of the enclosure structure, 

and heat transfer coefficient of the enclosure structure; the 

control subsystem mainly includes: monitor 1, monitor 2, 

controller, switch, temperature difference at shutdown, 

temperature difference at start-up, minimum room 

temperature, actual temperature difference, increased 

temperature, and decreased temperature, etc; the outdoor 

calculated temperature is set to -9°C, the indoor calculated 

temperature is 20°C, and the simulation duration is 96 hours. 

According to the previous analysis, the variables that 

ultimately affect energy consumption include the thermal 

insulation performance of the enclosure structure, the output 

power of the wall-hung boiler, and the temperature difference 

at shutdown. The simulation analysis for these factors was 

performed in the following section. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Analysis for the impact of the thermal insulation 

performance of the envelope structure on the operation of 

the wall-hung boiler 

 

Adjusting the thickness of the insulation layer can change 

the heat transfer coefficient of the envelope structure, directly 

affect the energy consumption of the building, and further 

influence the operating law of the wall-hung boiler. The 

thickness of the insulation layer was adjusted to 50mm, 

100mm, 150mm, and 200mm, respectively, as shown in 

Figure 3. It can be seen that with the thickness of the insulation 

layer increasing, the start-up time interval of the wall-hung 

boiler system increases, and the running time decreases. 

The total running time is shown in Figure 4. When the 

thickness of the insulation layer was 50mm, the running time 

was up to 65h, about 68% of the time was in operation, and the 

energy output was higher. With the thickness of the insulation 

layer increasing, the system running time was gradually 

shortened. When the thickness of the insulation layer was 

increased to 200mm, the total operating time was shortened to 

18.5 hours, and only about 19% of the time was in the 

operating state, which greatly shortened the operating time, 

and reduced the energy output. 

 

 
 

Figure 3. Heating start-stop time of wall-hung boiler 

 
 

Figure 4. Boiler running time 

 

3.2 The impact of the insulation layer thickness of the 

envelope structure on the average output power of the 

wall-hung boiler 

 

Setting the step length of the insulation layer thickness 

change of the envelope structure to 10mm, the initial value to 

40mm, and the maximum value to 200mm, the simulation was 

performed to obtain the average output power curve of the 

wall-hung boiler, as shown in Figure 5. It can be found that 

with the insulation layer thickness increasing, the average 

output power of the wall-hung boiler becomes smaller, that is, 

the lower the overall energy consumption, the more the overall 

trend conforms to the logarithmic distribution law. When the 

thickness of the enclosure structure is 40mm, the average 

output power of the wall-hung boiler is 23.72KW; when it 

increases to 200mm, the output power is 6.74KW. When the 

thickness of the insulation layer increases from 40mm to 

100mm, the overall thickness increases by 60mm, and the 

average power of the wall-hung boiler decreases by 12KW; 

when the insulation thickness increases from 100mm to 

200mm, the overall thickness increases by 100m, and the 

output power of the wall-hung boiler decreases by 5KW. Thus, 

it is more economical to increase the insulation layer from 

40mm to 100mm, and the further increase of thickness shall 

reduce the energy saving efficiency of the insulation layer. 

 

 
 

Figure 5. The impact of insulation thickness on average 

output power of wall-hung boiler 

 

3.3 The impact of wall-hung boiler rated power on energy 

consumption 

 

The rated power of the wall-hung boiler is usually 16KW, 

18KW, 20KW, 24KW, 28KW, 32KW, and 40KW. The 

previous analysis shows that when the rated power is low, the 
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wall-hung boiler has a longer working time; when the rated 

power is increased, working hours will be shortened. 

Generally speaking, an increase in working time will reduce 

the service life of wall-hung boilers, while an increase in rated 

power will increase the overall energy consumption of the 

building. Thus, it’s necessary to select a reasonable rated 

output power. By simulating several commonly used wall-

hung boilers (Figure 6), it can be found that when the rated 

power is 20KW, the average energy consumption of the 

building is relatively lower, and the system running time is 

relatively less, which can be the best choice for this project. 

 

 
 

Figure 6. The impact of wall-hung boiler power on average 

building energy consumption 

 

3.4 The impact of temperature difference at shutdown on 

building energy consumption 

 

Another important parameter of the wall-hung boiler system 

is the temperature difference at shutdown. The shutdown of 

the wall-hung boiler is controlled by setting the temperature 

difference, that is, when the heat transfer medium is higher 

than a certain value of the set room temperature, the system 

will automatically shut down; usually the setting range is 5℃ 

to 20℃. Figure 7 shows that as the temperature difference at 

shutdown increases, the average energy consumption of the 

building gradually increases. This is mainly because with the 

temperature difference at shutdown increasing, the 

temperature of the heat transfer medium shall rise higher, and 

the indoor temperature will also increase accordingly. Then, 

the indoor and outdoor temperature difference and heat loss 

will further increase. Therefore, setting a relatively low 

temperature difference at shutdown is more conducive to 

energy saving. 
 

 
 

Figure 7. The influence of the temperature difference at 

shutdown on the average energy consumption 
 

4. CONCLUSIONS 

 

The study found that the use of system dynamics can help 

to easily analyze the impact of different parameters on 

building energy consumption when analyzing the energy 

saving of wall-hung boiler systems in cold areas, because it is 

beneficial to the determination of parameters and the 

improvement of design schemes. In general, the improvement 

in the thermal insulation performance of the enclosure 

structure is improved, then the starting frequency of the wall-

hung boiler will decrease, the running time of a single startup 

will be greatly reduced, the average output power of the wall-

hung boiler will decrease, and the energy consumption of the 

building will be reduced. Through the case analysis, it can be 

seen that when the thickness of the insulation layer of the 

enclosure structure is increased from 40mm to 100mm, the 

overall energy consumption will decrease significantly; the 

rated power of the wall-hung boiler also has a certain impact 

on the energy consumption of the building, i.e., when the rated 

power of the wall-hung boiler is 20KW, the average energy 

consumption of the building is relatively small, and the 

continuous working time is relatively short; the relatively low 

temperature difference at shutdown is more conducive to 

energy saving, because the higher shutdown temperature 

difference setting can result in a greater indoor and outdoor 

temperature difference, and the increase in heat loss. 
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