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For the residential building district heating (RBDH) system, choosing the appropriate combination of heat sources according to local conditions is the key to improving economic efficiency. In this study, three climatic regions in China were selected, namely, a hot summer and cold winter region, cold region, and severe cold region. Among them, Nanjing, Tianjin, and Shenyang were selected as typical representative cities in the hot summer and cold winter region, cold region, and severe cold region, respectively. Taking the levelized cost of heat (LCOH) as the economic evaluation index and considering the carbon emission cost of the system operation, the energy consumption and the CO2 emissions were analyzed. TRNSYS software was used to simulate and analyze the system performance. The multi-objective optimization based on a genetic algorithm was proposed to optimize system parameters. From an economic point of view, the SA system was suitable for the hot summer and cold winter region, the SAS system was suitable for the cold region, and the SE system was suitable for the severe cold region. The operation control strategy based on quality adjustment can reduce heating energy consumption and maintain indoor temperatures at approximately 20°C. The proportion of clean energy heating in the optimized heating system decreased after the multi-objective optimization strategy. However, the initial investment and maintenance costs of the system were reduced, which reduced the LOCH of the system. Therefore, the multi-objective optimization strategy can effectively reduce the heating costs.
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1 INTRODUCTION
With the rapid economic development, the demand for energy consumption has increased gradually. Building heating is the most critical part of global energy consumption and carbon dioxide emissions. It plays an important role in realizing energy structure transformation and industrial low-carbon development. With the rapid urbanization in China and the increase in residents’ demand for thermal comfort, the scale of district heating systems in China is constantly expanding, and its management and operations are increasingly digital (Lin et al., 2023). The district heating systems have become one of important subsystems of the smart city. According to Tsinghua University’s research (Lin et al., 2023), by the end of 2020, the heating area of northern China was approximately 15.6 billion m2, and the heating energy consumption was approximately 214 million tons of standard coal. However, existing district systems are usually large in scale and have complex operational scenarios. In order to ensure safety and heat demand, heating companies often increase heat intensity, which leads to overheating and wasted heat energy. Therefore, the management of heat demand and supply in district heating systems is a challenging problem.
If there is a mismatch between production and consumption, the generated unused heat may be lost from the heating pipe network (Zhang et al., 2023). Thermal storage systems (TES) are a promising solution to this problem because the heat storage system can store heat at hourly, daily, weekly, and seasonal frequencies while reducing heat loss (Gallo et al., 2016). The benefits of integrating thermal storage systems in a heating network are multiple (Verda and Colella, 2011; Colella et al., 2012; Eynard et al., 2012; Romanchenko et al., 2018) and include energy gains (valorization and recovery of waste energy and operation at nominal capacity) and economic gains (best efficiency and optimization of hourly tariffs). In addition, TES systems allow flexibility to limit the stop/restart sequences of the auxiliary power plants and reduce the installed back-up power (Réveillère et al., 2013; Saloux and Candanedo, 2020; Siddiqui et al., 2021). This allows for overall reductions in energy prices while reducing primary energy consumption and greenhouse gas emissions. Many researchers have studied the feasibility of integrating thermal storage systems into district heating systems. For example, borehole thermal energy storage has been found to be a suitable solution to solve the shortage of production and consumption of solar central heating systems in cold regions (Shah et al., 2018). Tian et al. studied the Danish hybrid solar district heating system with a heat storage system and standby boiler (Tian et al., 2018). The researchers found that using a reasonable water storage system can overcome the mismatch between the heat supply of solar power plants and the heat demand of buildings. Verda et al. analyzed the multi-scale heat storage tank model of the district heating system in Turin (Verda and Colella, 2011). The results show that primary energy consumption can be reduced by up to 12%, and the total cost can be reduced by up to 10%.
China is rich in solar energy resources (Wang et al., 2020). At the same time, in line with national and international policies, solar energy heating is the main way to achieve low-carbon development (Wang et al., 2023). Solar energy heating systems are mainly divided into single-family solar energy heating, distributed solar energy heating, and centralized solar district heating (CSDH) systems (Zhang et al., 2021). The CSDH system has the advantage of providing a greater energy output (Rämä and Mohammadi, 2017). Meanwhile, CSDH systems have characteristics of high thermal efficiency, high safety, and reliable system operation (Furbo et al., 2018; Kong et al., 2019). However, due to the intermittent shortage of solar energy, it is critical for CSDH systems to find an auxiliary heat source (AHS) with high cost performance (Bava et al., 2016). Common forms of AHS include the boiler system or heat pump system (Chen et al., 2022; Kong et al., 2022). The traditional design of AHS must ensure that the building can meet the heat load of the whole building. The optimal design of AHS would effectively reduce investment and operating costs. Huang et al. analyzed four types of CSDHS, namely, solar heat combined with the air source heat pump, the ground source heat pump combined with the solar heat and the air source heat pump, the solar heat combined with the gas boiler, and the solar heat combined with the gas boiler and seasonal heat storage (Huang et al., 2019). The research results pointed out the most economical heat collection area corresponding to these systems in northern Chinese cities. There are five climate regions in China, namely, the severe cold region, cold region, hot summer and cold winter region, hot summer and warm winter region, and mild region (Bai et al., 2020). The regions with heating demand mainly include the severe cold region, cold region, and hot summer and cold winter region (Han et al., 2023). Buildings in the mild region and the hot summer and warm winter region need not be heated due to their low geographical latitude. The choice of AHS depends on the characteristics of the climate and the nature of relevant national and economic policies. In addition, the unreasonable selection of AHS increases the operational energy consumption and equipment investment costs of CSDH systems. Therefore, the selection of AHS is an important factor in improving the energy consumption and cost of CSDH systems. Meanwhile, the initial investment of the composite heating system is higher, and the energy supply mode which varies randomly with the daily solar irradiation makes the configuration and operation control of the system more complex. Therefore, in order to evaluate the composite heating system comprehensively, it is necessary to carry out optimization research. The majority of research studies have devoted themselves to the parametric study, where each design parameter was varied, while the rest of the parameters were fixed; meanwhile, there are conflicts between some evaluating indicators. However, the multi-objective optimization method could be effectively applied to the problem.
In view of the above problems, according to meteorological conditions, Nanjing in the hot summer and cold winter region, Tianjin in the cold region, and Shenyang in the severe cold region were selected for the analysis. Based on the economies and policies of these cities, this study screened out the most suitable heating system structures for residential buildings in various heating areas. Then, a multi-objective optimization based on a genetic algorithm was proposed to optimize system parameters. The research results provide a reference for the structural design of RBDH systems in different climate regions in China.
2 SYSTEM INTRODUCTION
2.1 System description
The structure of the RBDH system is shown in Figure 1. The heat source structure of the RBDH system primarily includes the solar heat collector (SHC) system, the air source heat pump (AHP) with electric auxiliary heating, and the electric boiler (EB). The SHC system primarily consists of a solar heat collector, a water tank, a water pump 3, and a water pump 4. The SHC system exchanges heat with the water in the heating pipe network through plate heat exchanger 2. The heat storage tank is used to store the heat generated by the EB or AHP during the valley power. There are several electrical three-way valves in the RBDH system. This allows the system to realize the heating mode of multiple types of heat sources in combination, for example, the AHP system, AHP coupled heat storage tank (AS) system, SHC system coupled AHP (SA) system, SA system coupled heat storage tank (SAS) system, EB system, EB coupled heat storage tank (ES) system, SHC system coupled EB (SE) system, and SE system coupled heat storage tank (SES) system. The electric heating (EH) system exchanges heat with the water in the heating pipe network through plate heat exchanger 2. The hot water is then delivered to every user in the area through the heating pipe network.
[image: Figure 1]FIGURE 1 | Structure of the RBDH system.
2.2 System adjustment strategy
The running state of the SHC system depends on the outlet temperature of the collector and the temperature of the water tank. The control strategy of the SHC system is shown in Figure 2. When the outlet temperature of the solar collector is 5°C higher than the temperature of the water tank, water pump 3 begins to work. When the temperature of the water tank is higher than 50°C, water pump 4 starts to operate, and the SHC system exchanges heat with the water in the heating pipe network. When the temperature difference between the outlet of the solar collector and the water is below 3°C, water pump 3 stops working. When the temperature of the water tank is below 45°C, water pump 4 stops working. The operational status of the air source heat pump and electric boiler depends on the outlet temperature. When the outlet temperature of the AHP or EB is lower than 75°C, the equipment is ready to run. When the outlet temperature of the equipment is higher than 85°C, heating is stopped. When the RBDH system has the valley power storage mode, AHP or EB only operates during the valley power period. Otherwise, the SHC system stops heating and AHP or EB starts running.
[image: Figure 2]FIGURE 2 | Control strategy diagram of the SHC system.
The heating system and the heat load were required by the building. This leads to unnecessary energy waste in the heating system. Therefore, the RBDH system can adopt the quality adjustment method. The return water T4 of the heating pipe network system adopts the district heating regulation method of quality regulation, while pump 4 of the SHC system adopts the district heating regulation method of quantity regulation (Sun et al., 2022).
The regulation Formulas 1–3 for heating quality are expressed as follows:
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where Qr represents the relative heat load ratio, that is, the ratio of the actual heat load Qa to the design heat load Qd. mr stands for relative flow ratio, that is, the ratio of the actual flow ma to design the flow md. Ti represents the actual indoor temperature, °C. Tid represents the design indoor temperature, °C. Ta represents the actual outdoor temperature, °C. Tad represents the design outdoor temperature, °C. Tin and Tind represent the actual water supply temperature and the design water supply temperature, respectively, °C. Tout and Toutd represent the actual backwater temperature and design backwater temperature, respectively, °C. b is the heat transfer coefficient related to the type of the radiator.
According to formula (1), the formula for system quality regulation heating is derived as follows:
[image: image]
The Formulas 5, 6 for system quantity regulation heating are derived as follows:
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where mSCd represents the design flow of water pump 4, kg/h. mSC represents the actual flow of water pump 4, kg/h.
3 SYSTEM MODEL
3.1 Model parameter
The RBDH system model is built using TRNSYS software. The RBDH system model mainly includes the SHC system, AHP, EB, and the building model. The heating area of the residential building studied is 22,500 m2. The main design parameters of simulated models of heating systems in different regions are shown in Table 1. The outdoor temperature data for different regions are shown in Figure 3. The heating season in Nanjing lasts for 81 days, from 15 December to 5 March next year. During the heating season in Nanjing, the monthly average minimum ambient temperature is −0.7°C, and the monthly average maximum ambient temperature is 14.2°C. The heating season in Tianjin lasts for 121 days, from 15 November to 15 March next year. During the heating season in Tianjin, the monthly average minimum ambient temperature is −5.5°C, and the monthly average maximum ambient temperature is 12.6°C. The heating season in Shenyang lasts for 151 days, from 1 November to 31 March next year. During the heating season in Shenyang, the monthly average minimum ambient temperature is −16.5°C, and the monthly average maximum ambient temperature is 7.0°C.
TABLE 1 | Main parameters for system simulation in different cities.
[image: Table 1][image: Figure 3]FIGURE 3 | Annual ambient temperatures in different cities: Nanjing (A); Tianjin (B); and Shenyang (C).
The variation in the total solar radiation intensity for different regions is shown in Figure 4. During the heating season, the highest total solar radiation intensity in Nanjing is 60.9 kW/m2 in March, the lowest is 57.6 kW/m2 in December, and the average total solar radiation intensity for the whole heating season is 73.2 kW/m2. During the heating season, the highest total solar radiation intensity in Tianjin is 112.7 kW/m2 in March, the lowest is 51.6 kW/m2 in December, and the average total solar radiation intensity for the whole heating season is 70.2 kW/m2. During the heating season, the highest total solar radiation intensity in Shenyang is 119.9 kW/m2 in March, the lowest is 49.6 kW/m2 in December, and the average total solar radiation intensity for the whole heating season is 74.5 kW/m2.
[image: Figure 4]FIGURE 4 | Annual ambient solar radiation intensity in different cities: Nanjing (A); Tianjin (B); and Shenyang (C).
The vacuum tube solar collector was used in this study. The evacuated tube design consists of an inner and outer tube. Its specific parameters are shown in Table 2 (Gong et al., 2020). The outer surface of the absorber tube (inner tube) is coated with a solar radiation absorption layer. The heat transfer fluid flows through the absorber tube absorbing heat.
TABLE 2 | Geometrical, optical, and thermal parameters.
[image: Table 2]According to Formulas 7–12, the energy conservation equation of the vacuum tube solar collector can be written as follows (Gong et al., 2020):
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where Qtotal is the total heat absorbed by the absorber tube, kJ. Qu represents the useful heat, and Qloss is the energy loss, kJ.
[image: image]
where L is the length of the absorber tube, m. Dabs is the diameter of the absorber tube, m. ξabs is the absorptivity of the selective coating on the surface of the absorber tube, %. τgla is the transmissivity of the outer glass tube, %. It is the total solar radiation, W/m2.
[image: image]
[image: image]
where ha-g is the heat transfer coefficient in absorber tube’s vacuum part equal to 0.112 W/(m·K). Tf is the fluid temperature of the absorber tube, °C. Ta is the ambient temperature, °C. Ts is the sky temperature, °C. ɛabs is the absorptivity of the selective coating on the surface of the absorber tube. σ is the Stefan–Boltzmann constant.
In this paper, Type158 in the TRNSYS module library is used to simulate the hot water storage tank model. The internal energy of the storage water tank is equal to the input heat minus the output heat and the heat lost to the environment, with the heat loss into the environment primarily consisting of the heat loss from the tank top, bottom, and edge (Li et al., 2023).
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where Cw is the specific heat capacity of the water, kJ/(kg·oC). Mw is the water flow, kg/h. Tw is the average temperature of the water in the tank, °C. Qin,tank is the input heat of the tank, kJ/h. Qout, tank is the output heat of the tank, kJ/h. Qloss, tank is the loss heat of the tank, kJ/h. Atank is the water tank’s surface area, m2.
The Formulas 13, 14 for calculating the coefficient of performance (COP) of the heat pump are expressed as follows (Li et al., 2023):
[image: image]
The formula for calculating the heat absorption of the heat pump evaporator is expressed as follows:
[image: image]
where COP is the coefficient of performance of the heat pump. QH is the actual heating capacity of the heat pump, kJ/h. WH is the power consumption of the heat pump, kJ/h. QW is the heat absorption of the heat pump evaporator, kJ/h.
The Formulas 15, 16 for calculating the outlet water temperature of the heat pump evaporator and condenser are represented as follows (Li et al., 2023):
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where TS,OUT and TS,IN are the inlet and outlet water temperatures of the evaporator, °C. TL,OUT and TL,IN are the inlet and outlet water temperatures of the condenser, °C. MS is the heat medium mass flow of the evaporator, kg/h. ML is the heat medium mass flow of the condenser, kg/h.
3.2 Evaluating indicator
3.2.1 Economic analysis model
LOCH is used as an index to evaluate the economic performance of heating systems (Zhang et al., 2021). During the entire life cycle of a heating system, the heat cost of generating 1 kWh can be expressed using the following Formula 17:
[image: image]
where PO is the initial investment of the system, CNY. Pc is the carbon trading price, 79.74 CNY/t (National carbon trading, 2023). So is the government subsidy to the system, CNY. RV is the system’s residual value, CNY. d is the discount rate, %. Y is the operating life of the system, year. y is the year of the operating life of the system, year. Cy is the maintenance cost of the system in the y year, CNY. Coy is the operating cost of the system for the y year, CNY. Pland is the system land use cost, CNY. Qy is the heat supply of the system in the y year, kWh.
According to the provisions of the National Bureau of Statistics of China, the value of d is 3% (Su et al., 2018). The land use cost of the system is not examined in this study. The residual value of the system is zero, and there is no government subsidy. Based on this assumption, the Formula 17 can be simplified as Formula 18:
[image: image]
where Cy is primarily provided by the SHC system, AHP, and EB. In this study, the annual maintenance cost of the system is 1% of the initial investment cost of the system. The cost and service life of each piece of equipment used in the calculation process are shown in Table 3.
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TABLE 3 | Unit price and service life of equipment.
[image: Table 3]where PSHC is the power of the circulating water pump in the SHC system, kW. PEB is the EB heating power, kW. PAHP is the power of AHP equipment, kW. φ is the operating electricity price, CNY/kWh. The peak and valley electricity prices of different cities are shown in Table 4.
TABLE 4 | Time-of-use electricity price in different cities.
[image: Table 4]3.2.2 Environmental analysis method
In this study, the emission of carbon dioxide (CO2) produced in the heating process is used as an environmental analysis and evaluation index. CO2 is the main factor causing global warming. The calculation Formula 24 for the amount of pollutant gas produced by the heating system is expressed as follows:
[image: image]
where Mem is the pollutant gas emission, kg/m2. J is the conversion coefficient of fuel pollution gas emission, 2.493 kg/kg. PEC is the primary energy consumption, kg/m2.
The calculation Formula 25 for primary energy consumption of the RBDH system is expressed as follows:
[image: image]
where LHV is the low calorific value of the standard coal, 8.14 kWh/kg; Qd is the system heat supply of non-clean energy, kWh; ηe is the power generation efficiency, 0.35; ηnet is the transmission efficiency of the power grid, 0.92; ηeh is the thermoelectric conversion efficiency, 0.99; and a is the heating area, m2.
4 MULTI-OBJECTIVE OPTIMIZATION METHOD
4.1 Multi-objective optimization strategy
Multi-objective optimization problems originate from design, modeling, and programming problems of the complex system, which has more than one objective. The Pareto optimal solution is that there is no better solution to make at least one object better, while the other objects are not inferior. In other words, it is impossible to optimize some of the objectives without degrading others. In this paper, TRNSYS and MATLAB are used to solve the multi-objective optimization problem of the RBDH system. Based on MATLAB, non-dominated sorting genetic algorithms-II (NSGA-II) is used to solve the multi-objective problem of the RBDH system. The specific calculation process and steps are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Flowchart of the genetic algorithm of multi-objective optimization.
4.2 Objective functions and design parameters
The system energy consumption and LOCH are selected as the objectives. The optimization parameters are the solar collector, the water tank volume, the air source heat pump power, the electric boiler heating power, and the thermal storage tank volume. The parameter setting of genetic for multi-objective optimization is shown in Table 5. For the heat load, each heating system provides heat for satisfying the indoor heating temperature demand. Therefore, one of the constraints is that the indoor temperature is not lower than 20°C. Meanwhile, the CO2 emission of the optimized system should be lower than that of the pre-optimized system.
TABLE 5 | Multi-objective optimization parameter based on the genetic algorithm.
[image: Table 5]5 DISCUSSION
5.1 System applicability analysis
5.1.1 Energy consumption analysis
As shown in Figure 6, the unit energy consumption of heating systems with different structures differed in different regions. The unit energy consumption of the EB system was considerably higher than that of the heating system with AHP as the heat source. This was because EB needed to consume electricity completely, and AHP had the ability to save energy (Zheng et al., 2024). Among them, the energy consumption of the AHP system in Nanjing was 72.17% lower than that of the EB system. The energy consumption of the AHP system in Tianjin was 65.13% lower than that of the EB system. The energy consumption of the AHP system in Shenyang was 55.67% lower than that of the EB system. This was because the COP of AHP decreased with the decrease in the ambient temperature. Therefore, the AHP system had a remarkable energy-saving effect in the hot summer and cold winter region.
[image: Figure 6]FIGURE 6 | Energy consumption of different systems in different typical cities: Nanjing (A); Tianjin (B); and Shenyang (C).
The SHC system reduced the energy consumption of the EB system and AHP system. The energy consumption of the SA system and SE system in Nanjing was 37.93% and 27.66% lower than that of the AHP system and EB system, respectively. The energy consumption of the SA system and SE system in Tianjin was 23.35% and 18.71% lower than that of the AHP system and EB system, respectively. The energy consumption of the SA system and SE system in Shenyang was 19.11% and 20.74% lower than that of the AHP system and EB system, respectively. The thermal storage water tank in the electric heating system did not reduce the energy consumption of the system obviously. This was because the thermal storage water tank only played a role in the transfer of system energy consumption over time. For power plants, the electric heat storage can play a role in peak shaving and valley filling. Therefore, from the perspective of system energy consumption, the SHC system has excellent energy conservation for residential buildings in different regions.
5.1.2 CO2 emission analysis
Figure 7 shows the CO2 emissions of different heating systems in different regions. CO2 emissions from heating systems based on electric boiler systems were high. This was because the electric heating boiler needed to completely consume electricity. Moreover, the heating system was based on the air source heat pump needed to consume some electricity. The electricity consumption of the SHC system only came from the operation of the water pump. Therefore, the SHC system was beneficial to reduce the CO2 emission of the heating system. The heat storage water tank in the EB system or AHP system did not reduce the energy consumption of the system. Therefore, the thermal storage tank had limited effect on reducing CO2 emissions.
[image: Figure 7]FIGURE 7 | CO2 emission of different systems in different typical cities: Nanjing (A); Tianjin (B); and Shenyang (C).
5.1.3 Economic analysis
The operating costs of different heating systems were calculated based on the time-of-use electricity price policy. Therefore, the valley electric heat storage was used to analyze the economic impact on the RBDH system. During the valley electricity period, the EB or AHP provided heat for the building and heated the heat storage water tank. During the no-valley electricity period, the EB and AHP stop working, and the heat storage tank releases heat, which was then used to heat the building. As shown in Figure 8, the LOCH of heating systems with different structures in different regions was in a different order without considering carbon trading. For different heating systems in Nanjing, the LOCH of the EB system was the lowest, and the LOCH of the SES system was the highest. Therefore, valley electricity storage heat was not conducive to improving the economies of heating systems in Nanjing. For different heating systems in Tianjin, the LOCH of the AHP system was the lowest and the LOCH of the SES system was also the highest. The valley electricity storage heat did not reduce the LOCH of the AS system and the ES system, but the SHC system reduced the LOCH of the SAS system. This was because the cost of building the heat storage tank was higher than the cost saved by the valley power storage. Therefore, the dynamic control method can be used to adjust the heat storage and release of the heat storage box, and the multi-objective optimization method can be used to optimize its volume. For different heating systems in Shenyang, the LOCH of the EB system was the lowest and that of the SAS system was the highest. The LOCH of the SE system was reduced using the SHC system. This may be due to the high solar radiation intensity in the severe cold region, which led to the large heat supply of the SHC system. Therefore, the economic benefit of the SHC system was high. From an economic point of view, the EB system was suitable for the hot summer and cold winter region, the AHP system was suitable for the cold region, and the SE system was suitable for the severe cold region.
[image: Figure 8]FIGURE 8 | LOCH of different systems in different typical cities: Nanjing (A); Tianjin (B); and Shenyang (C).
The RBDH system should not only meet the heating needs of community users but also consider the economic costs caused by carbon emissions in the system operation. Considering the carbon transaction costs in LOCH, it is helpful in further analyzing the applicability of the RBDH system with different structures in different regions. As shown in Figure 9, the LOCH of different heating systems in different regions changed when considering carbon transaction costs. For different heating systems in Nanjing, the LOCH value of the SA system has become the lowest. The LOCH of the EB system and ES system increased the most by 29.27% and 32.61%, respectively. This was because the electricity consumed by EB produced a lot of CO2 emissions. For different heating systems in Tianjin, the LOCH value of the SAS system has become the lowest. The LOCH value of the SAS system with the best economy increased by 3.3%. The LOCH value of the AHP system increased by 15.54%. For different heating systems in Shenyang, the LOCH value of the SE system became the lowest. The LOCH value of the ES system increased the most, which was 11.90%. Therefore, considering the carbon transaction cost, the SA system was suitable for the hot summer and cold winter region, the SAS system was suitable for the cold region, and the SE system was suitable for the severe cold region.
[image: Figure 9]FIGURE 9 | LOCH of different systems in different typical cities considering carbon trading: Nanjing (A); Tianjin (B); and Shenyang (C).
5.2 System regulation analysis
There is a general mismatch between supply and demand between the heat supply of heating systems suitable for different regions and the heat load required by buildings. Therefore, heating systems suitable for different regions were optimized. As shown in Figure 10, the energy consumption of different heating systems based on the quality adjustment was reduced. The energy consumption of the SAA (SA under adjustment) system was 25.40% lower than that of the SA system. The energy consumption of the SASA (SAS under adjustment) system was 24.93% lower than that of the SAS system. The energy consumption of the SEA (SE under adjustment) system was 38.85% lower than that of the SE system. As shown in Figure 11, the average indoor temperature of residents in different regions under the control of quality adjustment operation was controlled at approximately 20°C, and the average indoor temperature fluctuated slightly. The standard deviation of the average indoor temperature in Nanjing decreased by 62.04%. The standard deviation of the average indoor temperature in Tianjin decreased by 78.83%. The standard deviation of the average indoor temperature in Shenyang decreased by 61.13%. Therefore, the quality adjustment method is significant in reducing the energy consumption of the heating system.
[image: Figure 10]FIGURE 10 | Energy consumption of different systems.
[image: Figure 11]FIGURE 11 | Temperature data in different typical cities: Nanjing (A); Tianjin (B); and Shenyang (C).
As shown in Figure 12, the CO2 emissions of different heating systems under quality adjustment operations were reduced. The CO2 emissions from the SA system decreased by 33.94%. The CO2 emissions from the SAS system decreased by 29.75%. The CO2 emissions from the SE system decreased by 33.39%. This was due to reduced system energy consumption. As shown in Figure 13, considering the carbon transaction cost, the LOCH of different heating systems under quality adjustment operation was increased. The LOCH value of the SA system increased by 11.53%. The LOCH value of the SAS system increased by 9.67%. The LOCH value of the SA system increased by 10.58%. This may be due to the reduction in heat supply and operating costs of heating systems under the control of quality regulation operations, but the initial investment of heating systems did not change.
[image: Figure 12]FIGURE 12 | CO2 emission comparison data on different systems.
[image: Figure 13]FIGURE 13 | LOCH of different systems considering carbon trading.
5.3 Multi-objective optimization analysis
The Pareto solution is shown in Figure 14. The vertical axis represents the LOCH, and the horizontal axis represents the energy consumption. Known above that LOCH and energy consumption were contradictory objectives, reducing energy consumption means increasing initial investment. As shown in Figure 14, for point b, the LOCH was the lowest, but the energy consumption was the highest. For point a, the energy consumption was the lowest, but the LOCH was the highest. When the optimization objective was only the cost, point b was the best solution.
[image: Figure 14]FIGURE 14 | Pareto optimal solutions obtained from multi-objective optimization of different systems in different typical cities: Temperature data in different typical cities: Nanjing (A); Tianjin (B); and Shenyang (C).
The parameters of different heating systems after adopting the multi-objective optimization strategy are shown in Table 6. Figure 15 shows the energy consumption of different optimized heating systems. The energy consumption of different heating systems under the quality adjustment strategy was increased after optimization. The energy consumption of the optimized SAA (OSAA) system increased by 16.22% compared with that of the SAA system. The energy consumption of the optimized SASA (OSASA) system increased by 13.60% compared with that of the SASA system. The energy consumption of the optimized SEA (OSEA) system increased by 16.48% compared with that of the SEA system. It was attributed to the reduction in the solar collector area in optimized heating systems. As a result, the heat supply of clean energy for heating systems was reduced. As shown in Figure 16, the proportion of clean energy heating in the OSAA system was reduced by 57.34% compared with that in the SAA system. The proportion of clean energy heating in the OSASA system was reduced by 49.98% compared with that in the SASA system. The proportion of clean energy heating in the OSEA system was reduced by 59.40% compared with that in the SEA system. However, the proportion of clean energy heating in different heating systems had increased under the quality adjustment strategy. Among them, the proportion of clean energy heating in the SAA system had increased by 29.16% compared with that in the SA system. The proportion of clean energy heating in the SASA system had increased by 16.46% compared with that in the SAS system. The proportion of clean energy heating in the SEA system had increased by 11.82% compared with that in the SE system. This was because the heat supply of the heating system matched the heat load required by the building, which avoided the unnecessary waste of clean energy.
TABLE 6 | Main parameters for different optimized systems.
[image: Table 6][image: Figure 15]FIGURE 15 | Energy consumption of different optimized systems.
[image: Figure 16]FIGURE 16 | Clean energy proportion of different optimized systems.
After optimization, the reduction in the proportion of clean energy heating in different heating systems will lead to an increase in the CO2 emissions of the heating system. As shown in Figure 17, the CO2 emission of the OSAA system increased by 25.21% compared with that of the SAA system. The CO2 emission of the OSASA system increased by 20.16% compared with that of the SASA system. The CO2 emission of the OSEA system increased by 21.11% compared with that of the SEA system. The LOCH of different optimized heating systems considering carbon trading is shown in Figure 18. Although the energy consumption and CO2 emissions of different optimized heating systems increased, the LOCH of different optimized systems decreased. The LOCH of the OSAA system was 8.62% lower than that of the SAA system. The LOCH of OSASA system was 11.76% lower than that of the SASA system. The LOCH of the OSEA system was 7.45% lower than that of the SEA system. This was because the initial investment and maintenance costs of system construction were reduced. Therefore, the multi-objective optimization strategy can effectively reduce the heating cost.
[image: Figure 17]FIGURE 17 | CO2 emission comparison data on different optimized systems.
[image: Figure 18]FIGURE 18 | LOCH of different optimized systems considering carbon trading.
6 CONCLUSION
In order to study the applicability of different clean heating systems in residential buildings in different regions, the different heating systems were analyzed from the aspects of system energy consumption, CO2 emissions, and carbon transaction costs. The influence of quality adjustment strategies on the operational performance of different heating systems was studied. The multi-objective optimization based on a genetic algorithm was proposed to optimize parameters. The operation effect of the heating system before and after optimization was analyzed, which provided guidelines for the application of different clean heating systems in different regions. The main conclusions are as follows:
Under operation control without quality adjustment, the LOCH considered the carbon transaction cost during operation. The results showed that the SA system was suitable for the hot summer and cold winter region, the SAS system was suitable for the cold region, and the SE system was suitable for the severe cold region.
The analysis of heating systems with different structures suitable for different regions was carried out. The results showed that for the AS system and the ES system, the cost of building the heat storage tank was higher than the cost saved by the valley power storage.
In order to avoid excessive heat supply, the operation control strategy based on quality adjustment reduced heating energy consumption, maintained indoor temperatures at approximately 20°C, increased the proportion of clean energy heating, and reduced CO2 emissions but increased the LOCH of the RBDH system.
In order to reduce the heating cost of the system, the multi-objective optimization strategy was adopted to optimize the system parameters. The proportion of clean energy heating in the optimized heating system decreased, which led to increases in system energy consumption and CO2 emissions. However, the initial investment and maintenance costs of the system were reduced, which reduced the LOCH of the system. Therefore, the multi-objective optimization strategy can effectively reduce the heating cost.
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