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District heating has always been regarded as a convenient and environmentally friendly heating method. However, the district heating process involves a considerable amount of wasted energy. To improve the operational strategies of heating networks and heating quality, reduce energy waste, promote the sustainable development of resources and cities, it is necessary to investigate the dynamic characteristics of pipe networks. This paper describes the dynamic characteristics of a pipe network in which the intermittent operation of the primary pipe network were adjusted. The effects of the dynamic characteristics of the pipe network on the indoor temperature of households are numerically analyzed. When the primary network stops and the secondary network continues working, the indoor temperature begins to decrease, slowly at first, and then more quickly. The indoor temperature of households in the system remains unchanged for a short period before starting to drop with the increase of the time. It takes about 150–245 min for the indoor temperature in the heating system to drop to 16°C. The smaller the room area, the larger the area of the envelope structure, and the faster the room temperature drops. The higher the intermittent heating temperature, the longer it takes for the indoor temperature to drop to 16°C. An intermittent heating temperature of 5°C or above ensures that every household in the heating system retains an indoor temperature above 16°C after 2 h.
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1 INTRODUCTION
District heating has always been regarded as a convenient, economical and environmentally friendly form of heating, and it has gradually developed into an important feature of cities and society (He et al., 2009; Zhu et al., 2015; Zheng et al., 2020; Wang and Zhao, 2022). However, the development of operation management and control strategies of district heating systems has been relatively slow, due to complex heating system structures, changes in household demand, seasonal considerations, and other factors which lead to changeable operating conditions of heating networks. Operating a heating system in a non-optimal manner not only affects the comfort of end-users but also increases the energy consumption of the system. Ideally, any operating strategy should reflect the characteristics of the heating system itself. In addition, the economic rationality of heating systems and the optimal use of non-renewable energy are matters of great importance for the sustainable development of resources and cities. To this end, researchers have investigated adjustment strategies for district heating network systems (Shafieian et al., 2019; Rehman and Ali, 2020; Sommer et al., 2020; Zhong et al., 2020; Hering et al., 2021; Wei et al., 2021; Zhang et al., 2021). Pirouti et al. (2013) reported a method of minimizing energy consumption and cost in the case of a district heating network in South Wales, United Kingdom. An operating strategy was adopted in which overall operating conditions of the network were adjusted and optimized based on research results, to obtain an optimal flow rate and supply temperature. Kuosa et al. (2013) described a method of mass flow control and proposed its performance with that of traditional techniques. The new technology delivered a pipeline flow rate of 46%, a pressure loss of 25%, a pumping power of 12%, and a return water temperature lower than that obtained by traditional methods. A dynamic heat transfer model is established by Li and Zhang (2018). The results are that the delay time of the ordinary wall is higher than the wall implanted with heat pipes by 1.38 h. A novel hybrid stochastic/interval optimization for an integrated heating and power system (IHPS) day-ahead scheduling is proposed by Li et al. (2022). To further improve the system economic, the price-based integrated demand response (IDR) under the background of multi-energy coupling is introduced and the characteristics of energy substitution and load timing transfer are modeled. Yokoyama et al. (2017) proposed an optimization method for the heating and cooling systems of an exhibition center space and found that the method was effective in terms of the optimality of the solution and the calculation time. Canet et al. (2021) described a method that takes into account natural gas and electricity prices, as well as local characteristics of heating demand, and which can be used to estimate the heat demand of different types of residential buildings. This method has already been adopted in some European cities, though its application remains limited to residential buildings at present. Redko et al. (2021) investigated the effects of network design and operating parameters on the optimal temperature and flow selection of loop water in a district heating system. Their results demonstrated that the cost of quantitative adjustment is lower than that of qualitative adjustment. However, a combination of qualitative and adjustments resulted in a decrease in consumption of up to 50% during the transition period of the heating season. Olympia and Anastassios (2007) proposed a new type of dual-source energy supply system for buildings involving heat pump energy storage which successfully solved the problem of the unstable operation of single-energy systems, and also addressed issues of low reliability, and high investment and operating costs associated with existing multi-source systems. The operating cost of their proposed system was 55% of the cost of a conventional–air–source heat pump system. Yin et al. (2012) developed an SAHP (single air source heat pump) system that uses a three-medium composite heat exchanger as an evaporator and makes full use of solar and wind energy. Their reported results show an effective reduction in system energy consumption. The electronic cooling are experimentally investigated by Rehman and Ali (2018). The experimental results revealed that base temperature of the heat sink is reduced as the volume fraction of PCM is increased.
The above literature focused on the overall improvement of the energy supply system and the conversion of heating energy by means of changes in the operation management and control strategies of the heating system. There are few studies to date on adjusting the heating network operation strategy to achieve twin goals of reduced energy consumption and sustainable urban development. For small district heating networks, the improvement method of the pipe network operation strategy has practical application value. In this study, the dynamic changes in the indoor temperature of household are investigated. The conclusions are of great significance for the sustainable development of resources and cities.
2 ENGINEERING MODEL
The dynamic characteristics of the pipe network were investigated in Chengde, Hebei province, China. The heating period was 150 days, from October 30th to March 30th. The main heating parameters are shown in Table 1.
TABLE 1 | Heating parameters.
[image: Table 1]2.1 Parameters of the heating station
Yinduhaitang Garden District in Chengde was this research. The district contains nine high-rise buildings. The heating system in each building consists of three independent systems. The research area comprises households on the first to ninth floors. Household information for the low loop is shown in Table 2. The system is arranged as a directly buried branched pipe network. The heating system of the outdoor pipe network was illustrated in Figure 1.
TABLE 2 | Low-loop household information.
[image: Table 2][image: Figure 1]FIGURE 1 | Heating system of outdoor pipe network.
The equipment details and operating parameters of the heating substation are shown in Table 3.
TABLE 3 | Heating substation equipment details and operating parameters.
[image: Table 3]2.2 Mathematical model of heating system
The thermal dynamic characteristics of the heating system were based on dynamic mathematical models (Roy et al., 2022). An existing, indirectly-connected, district heating system in Chengde City was used as a research object. The secondary-side pipe network between the outlet of the heating substation and the inlet of the heating system was analyzed.
2.2.1 Dynamic mathematical model of heating substation
A mathematical model of the heating substation was established (Wang and Dong, 2021). For the purposes of this study, a plate heat exchanger was used in the heating substation, and the thermal characteristics of the plate heat exchanger were described by a heat balance equation expressing both sides of the heat exchanger. The heat dissipation from the warped fins of the heat exchanger was ignored, because the heat capacity of the heat exchanger fins itself is small and the overall performance of heat preservation measures was good. According to the lumped heat capacity method, it is assumed that the internal temperature gradient of the heat exchanger remains negligible during the transition process, and the temperatures of the primary and secondary sides of the heat exchanger are considered to be uniform. The heat flowing into the primary side of the heat exchanger is equal to the sum of the heat flowing out of the secondary side and the heat stored on the secondary side. The mathematical equation for the secondary side of the heat exchanger can now be obtained.
The heat input from the primary side of the heat exchanger is:
[image: image]
The heat output from the secondary side of the heat exchanger is:
[image: image]
The heat stored on the secondary side of the heat exchanger is:
[image: image]
According to the heat balance equation:
[image: image]
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where, [image: image] and [image: image] are the temperatures of the hot water at the inlet and outlet of the primary side of the heat exchanger, [image: image]. [image: image] and [image: image] are the hot water temperatures at the inlet and outlet of the secondary side of the heat exchanger, [image: image]. [image: image] and [image: image] are the mass flow rates of the heat medium in the primary and secondary side pipe network of the heat exchanger, [image: image]. [image: image] is the specific heat capacity of water, in [image: image]; and [image: image] is the heat capacity of the water on the secondary side of the heat exchanger, [image: image]. The temperature of the fluid is 50[image: image] and the velocity of the fluid is 1.5 m/s in inlet conditions. The pressure in outlet conditions is 0.2 Mpa.
2.2.2 Radiator model
According to the radiator mechanism, a radiator model of the dynamic heat transfer can be mathematically established. The model is simplified as follows: radiator model is considered in a state of hydraulic equilibrium and all radiators in every household are considered (Rehman and Ali, 2018). The radiator equation can now be written as
[image: image]
where, [image: image] is the specific heat capacity of the cast iron radiator material, 460 [image: image]; [image: image] is the radiator coefficient, 2.5; [image: image] is the heat dissipation area of the radiator, in m2. [image: image] is the average temperature of hot water in the radiator, in °C; and [image: image] is the heat transfer coefficient of the radiator, 0.31 [image: image].
Through the actual period of operation, the daily adjustment mode of the heating system was as follows:
When the outdoor temperature was higher than 8[image: image] at noon of the day, the intermittent heating was adopted. To ensure the quality of heating, the indoor temperature of every household was required to remain above 14[image: image] during the intermittent adjustment, and the temperature of the recycled water in the system was to be kept above 20[image: image].
The supply water temperature of the secondary pipe network was determined by the weather forecast and the daily average outdoor temperature. The supply water temperature adjustment interval of the secondary network was 1 day, and the flow adjustment interval was 7 days.
3 RESULTS AND DISCUSSION
The dynamic characteristics of the heating system were numerically investigated by adjusting the primary and secondary pipe networks. The indoor temperatures of buildings 4#, 9#, and 3# were recorded, to reveal any effects of distance from the heating system. The proximal-end, mid-end and distal-end households are 4#, 9#, and 3#, respectively.
3.1 Dynamic characteristics of indoor temperature in proximal-end households
Figure 2 shows variations in indoor temperature over time in building 4#. When the primary network stops, households continue to maintain a thermal equilibrium state for a time period of about 20 min. The reason is that the higher-temperature hot water in the secondary pipe network still provides heat for the households. In addition, household interior items such as furniture act as a heat storage mechanism and forms a new heat source to dissipate the indoor heat. Therefore, the indoor temperature does not drop immediately. However, as time passes, the heat supply is less than the heat dissipation. The indoor temperature begins to decrease, gradually at first, and then more quickly, so that the indoor temperatures of households 104, 504, and 904 dropped to 16[image: image] after 210 min, while the indoor temperatures of 101, 501, and 901 dropped to 16[image: image] after 245 min.
[image: Figure 2]FIGURE 2 | Effect of time on indoor temperature of households in building 4#.
The indoor temperature change trend is basically the same households. The reason is that the exterior structure and indoor area of households on different floors of the same building are similar. The heat load and heat capacity of the households are also similar. The heat dissipation from the radiator and its room location to the outside is the same, when the effect of heat transfer between rooms is ignored. However, there are differences in the indoor temperatures of different households on the same floor.
Variations in indoor temperature over time in households on the same floor are illustrated in Figure 3. Households 501–504 in building 4# were chosen. Households 501 and 504 are situated on the south side of the building, and have areas of 150 and 133 m2, respectively. Households 502 and 503 are on the north side, with areas of 123 and 120 m2, respectively.
[image: Figure 3]FIGURE 3 | Indoor temperatures of households on the 5th floor of building 4#.
Differences in the indoor temperature drop rate of different households can be seen in Figure 3. For north-side households 502 and 503, the room temperature drop rate is similar. The locations, indoor areas and external surface areas of these two households are similar. So their heat capacities are also similar. The indoor temperature drops from the initial temperature to 16[image: image] after 215 min. South-side households enjoy great light, and these results in a lower drop rate of temperature. For household 501, it takes 240 min for the indoor room temperature to drop to 16[image: image]. For household 504, with a smaller indoor area, the figure is about 230 min. The temperature differences between households with large and small heat capacities gradually increase over time.
3.2 Dynamic characteristics of indoor temperature in mid-end households
Figure 4 shows indoor temperature changes for all study households on the fifth floor of building 9# when the primary network was disconnected and the secondary network continued to operate.
[image: Figure 4]FIGURE 4 | Indoor temperatures of households on the 5th floor of building 9#.
The indoor areas of households on the fifth floor are different. The area of household 501 is 126 m2, and the areas of households 502–504 are 90 m2. Figure 4 shows that the indoor temperature of all households first remains constant for a period of about 20 min. The indoor temperature then gradually decreases with time. The indoor temperature reduction rates of households are also different. The larger heat capacity of 501 results in a slower indoor temperature reduction rate. The indoor temperature of this household drops to 16[image: image] after 220 min. The heat capacities of 502–504 are low, and so temperature declines quickly. However, the exterior structure of 502 is smaller than those of 503 and 504, and so the time taken for the indoor temperature of 502 to drop to 16[image: image] is longer than that of 503 and 504. The times for these three households are 195, 185, and 185 min, respectively. It can be seen that, even if households on the same floor of the same unit building have the same room area, different locations and different exterior structure areas result in different times taken for the initial temperature to drop to 16[image: image]. In this case, differences between households on the same floor are about 10 min.
3.3 Dynamic characteristics of indoor temperature in distal-end households
Figure 5 shows the dynamic characteristics of indoor temperature for every household in the distal end. For study purposes, the sixth floor of building 3#, which is furthest from the heating station, was chosen. Table 4 presents the parameters for households 601–606.
[image: Figure 5]FIGURE 5 | Indoor temperatures of households on the 6th floor of building 3#.
TABLE 4 | Room area of households on the 6th floor of building 3#.
[image: Table 4]Figure 5 shows that the indoor temperature of every household on the 6th floor of building 3# remains unchanged for 15 min. Compared with proximal-end and mid-end households, the time is shortened by about 5 min. The indoor temperature of every household gradually decreases with the increase of the time. The area of every household is small, and the heat capacity of the more proximal households is also smaller. The household heat capacities are the same, and those households exhibit a similar trend of room temperature change. The reason is that households have similar exterior structure area. In those households, the smallest room area—602 and 605—the indoor temperature falls to 16[image: image] most quickly, in a period of 150 min. In the closed households 601 and 606, the indoor temperature drops to 16[image: image] after 165–170 min. In the larger-area households 603 and 604, the indoor temperature drops to 16[image: image] after 172–180 min. The results show that a 20 m2 difference in the room area on the same floor leads to a time difference of about 30 min for indoor temperature to fall to the same temperature.
3.4 Effects of intermittent heating temperature on time of indoor temperature
Figure 6 shows effects of intermittent heating temperature on the time of the indoor temperature of households to drop to 16[image: image] under different intermittent heating conditions.
[image: Figure 6]FIGURE 6 | Effect of intermittent heating temperatures on time indoor temperature to drop to 16[image: image].
As the indoor temperature of the household increases, the time it takes for the indoor temperature of the household to drop to 16[image: image] gradually increases. When the outdoor temperature are different by 1°C, it takes for the initial indoor temperature to fall to 16 [image: image] are also different, by about 0.5 h. When the temperature of the intermittent heating is higher than 5[image: image], the indoor temperature of every household remains above 16[image: image] after 2 h. Households are able to maintain indoor temperature stability for a longer period of time.
Based on the above analysis, when the primary network of the heating system stops, but the secondary network continues to work, the indoor temperature reduction rate of every household is gradually decreased, and each household can maintain indoor temperature for longer period. Different households in terms of the heat capacities of their radiators, as well as their interior furniture, and it results in different indoor temperature reduction rates during the heat dissipation. The smaller the heat capacity, the higher the rate of indoor temperature reduction.
In the applications, the intermittent heating of the circulating water pump of the secondary network is often used to ensure that the heating temperature is not less than 8[image: image]. The effects of the outdoor environmental temperature, the thermal comfort of the households, and the rates of the indoor temperature change are all taken into consideration. When the outdoor temperature is between 5[image: image] and 8[image: image], the primary pipe network is closed but the secondary network remains in operation. Households can enjoy thermal comfort for a longer period. The thermal energy stored in the hot water in the secondary network should also be exploited to achieve the objective of lower energy consumption with consequent reduction in heating costs.
4 CONCLUSION
The dynamic characteristics of the secondary pipe network under the conditions of the intermittent operation adjustments of the primary pipe network are theoretically investigated in this paper. Some conclusions are as follows:
1) When the primary network stops and the secondary network continues working, the indoor temperature of the households falls, gradually at first, and then more quickly. It took between 150 and 245 min for the indoor temperature of every household in the heating system to drop to 16[image: image].
2) The smaller the room area, the faster the room temperature declines. When the areas of households are on the same floor, the room temperature drops to 16[image: image] about 15 min quickly in the smaller-area household. The larger the area of the exterior structure, the greater the rate of indoor temperature decrease. When the indoor temperature is reduced to 16[image: image], the time difference is about 10 min.
3) The higher the intermittent heating temperature, the longer it takes for the indoor temperature to drop to 16°C. When the difference of the intermittent heating temperature is 1°C, the time of household temperature to fall to 16[image: image] is about 0.5 h. An intermittent heating temperature of 5[image: image] or above ensures that every household in the heating system retains an indoor temperature above 16[image: image] after 2 h.
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