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Introduction: Heating is one of the main factors leading to high energy consumption and serious carbon emissions in buildings. The clean heating system formed by the coupling of phase change building maintenance structure and solar heating system can improve the thermal storage density of the building maintenance structure, while reducing energy consumption in winter while maintaining a comfortable room temperature through stable energy security.Methods: Therefore, a phase change radiation terminal heating (PCRTH) system with the phase change radiation module as the terminal and the solar energy and air energy as the clean heat source is established in this study. Nanjing, Tianjin and Shenyang in China were selected as the study zones which correspond to the hot summer and cold winter zone, the cold zone and the severe cold zone respectively. The operational effect of the PCRTH system in different climate zones was studied, and the parameters of the PCRTH system were optimized by the GenOpt program combined with Hooke-Jeeves optimization algorithm.Results: The analysis results show that the cascade phase change radiation terminals in the three zones reduced room temperature fluctuation, energy consumption and carbon dioxide emissions, but the heating cost was higher. After the Hooke-Jeeves optimization algorithm was used to optimize the PCRTH system parameters in three zones, the PCRTH system heating cost was reduced, and the PCRTH system energy consumption and PCRTH system carbon dioxide emissions were further reduced.Discussion: Therefore, the building heating system composed of PCM maintenance structure and renewable energy has great application advantages in maintaining a comfortable room temperature and improving heating system energy conservation and environmental protection.Keywords: phase change material, solar energy, building maintenance structure, clean heating, optimization algorithm
1 INTRODUCTION
Energy plays a key strategic role strategic role in modern society, but the consumption of non-renewable energy dominated by fossil fuels is increasing, leading to a serious energy crisis worldwide (Wei et al., 2024; Canelli et al., 2024). Meanwhile, large-scale energy consumption also brings serious environmental pollution and greenhouse effects, which intensifies soil erosion and land desertification (Mughal et al., 2022). Therefore, the all-round optimization and upgrading of energy infrastructure has become a top priority for all countries and zones. Although the replacement of traditional fossil fuels by renewable energy is the main measure to promote the reform of energy structures, the energy structure dominated by fossil fuels cannot be changed in the short term. In 2021, global primary energy demand increased by 5.8% year-on-year, even by 1.3% compared with 2019, which was the largest increase in history and changed the downward trend of energy demand in 2020 (Mughal et al., 2022). The rise in energy consumption has brought about an increase in carbon emissions. Global carbon emissions in 2021 increased by 5.7%, reaching 39 billion tons of carbon dioxide (CO2). Among them, carbon emissions from energy consumption increased by 5.9% year-on-year, reaching 33.9 billion tons of CO2, close to the level of carbon emissions in 2019. With the end of global epidemic prevention and the recovery of economic activity, global energy consumption and carbon emissions have begun to rebound, while the global carbon emissions are still growing, and a lot of fossil fuels are still needed. The global energy pattern is currently undergoing a profound change, characterized by the transformation towards renewable energy and the increasing emphasis on sustainability (Zhang et al., 2021). Countries are gradually adopting clean energy technologies to reduce carbon emissions and fossil fuel consumption. (Khan et al., 2012; Kong et al., 2020; Wang et al., 2022).
The construction field is one of the key industries to realize energy savings and emission reduction. Building carbon emissions can be divided into direct carbon emissions, indirect carbon emissions and implied carbon emissions (Chen et al., 2024). Direct carbon emissions are derived from fossil fuels directly consumed during construction or operation, which is mainly produced in activities such as building cooking, hot water and decentralized heating (Ma et al., 2022). Indirect carbon emissions are the carbon emissions caused by electricity and heat consumed in the operation stage of the building, which is the main source of carbon emissions. Implicit carbon emissions (Belfiori and Rezai, 2024) are the carbon emissions caused by building construction and building materials production. The sum of the first two items is called building operation carbon emissions, and the sum of all three items is called building life cycle carbon emissions. Therefore, in the context of huge building energy consumption, the application of renewable energy to building energy conservation is an inevitable development trend. The building operation stage is an important relief to realize energy savings and emission reduction in the construction field.
Energy consumption in buildings is huge, and renewable energy is an inevitable development trend in building energy conservation. Accelerating the popularization of heating with solar energy bioenergy (Karschin and Geldermann, 2015) and geothermal energy (Zhang et al., 2024) as the main energy sources can not only replace traditional energy sources, but also improve the quality of life and residential comfort of urban and rural residents and greatly reduce the consumption of traditional primary energy. Among them, solar energy can be directly used in building heating, and has shown the advantages of low operating costs and outstanding economic benefits. China is rich in solar energy resources. Two-thirds of the Chinese zones have annual sunshine hours of more than 2,200 h, and the annual solar radiation is more than 5000 MJ/m2 (Li and Huang, 2020). As a device to absorb solar radiation and transfer the generated heat energy to the heat transfer medium, solar collectors have been widely used in building heating, industrial heating, carbon planting, breeding and other fields. Solar heating is a clean and environment-friendly form of energy, which is conducive to reducing energy consumption and operating costs of building heating systems. However, solar energy is intermittent and unstable, which has led to the discontinuity and fluctuation of solar heating. The thermal storage solar heating system collects solar energy through a solar collector and stores it in a thermal storage device on sunny days in winter (Hiris et al., 2022). When solar heating is insufficient, the thermal storage device releases the stored heat to ensure indoor comfort. The heating system of a solar coupled heat storage technology can be divided into solar building systems using the building itself as the heat storage body and solar heating system with a heat storage device alone. Solar energy building systems allow the building itself to collect, store and distribute solar energy in winter through the rational arrangement of building orientation and surrounding environment, clever layout of internal and external space of the building, reasonable selection of envelope structure and building materials, and improved comfort for indoor personnel. Solar building systems can be divided into passive and active types (Ralegaonkar and Gupta, 2010). Passive solar building systems are based on the premise of not using mechanical equipment to transfer heat to the room, so that the building can make full use of solar radiation heat for heating in winter, store heat through the envelope, and meanwhile reduce the heat loss caused by ventilation and infiltration, thus achieving the purposes of indoor environmental comfort, energy savings and emission reduction (Singh et al., 2021). Active solar energy building system stores the collected solar energy resources in the building envelope through photothermal conversion with the help of external driving forces to meet the building heating demand and achieve the purpose of reducing primary energy consumption.
The combination of the solar energy heating system and building envelope indicates significant progress toward sustainable building design. The combination of the solar energy heating system and building envelope indicates significant progress toward sustainable building design (Wang et al., 2022). The solar energy heating system uses the abundant solar energy to provide heat for buildings, which provides a renewable and environmentally friendly alternative to traditional heating methods. At the same time, the building envelope, as the interface between indoor and outdoor environment, plays a vital role in heat preservation and energy saving (Zhao et al., 2023). The combination of solar heating technology and innovative building envelope design can maximize the capture and utilization of solar energy and minimize the loss of heat to the surrounding environment (Ahmed et al., 2022). This collaborative approach not only reduces dependence on non-renewable energy, but also improves the comfort of residents. Therefore, this heating method is helpful to create a more sustainable building environment.
Although the traditional building envelope is very important in providing structural integrity and environmental isolation, it is usually difficult to effectively adjust the room temperature and reduce thermal fluctuations (Wang et al., 2022; Cai et al., 2021; Rathore et al., 2022; Li et al., 2022). However, the addition of phase change material (PCM) provides a promising solution to this challenge. The PCM can effectively adjust the room temperature by absorbing and releasing heat during the phase change process, thus reducing the need for the mechanical heating system (Ahmed et al., 2022; Diaconu et al., 2023; Lawag and Ali, 2022; Maturo, et al., 2023; Faraj et al., 2021). This improves the thermal comfort of residents. Another benefit of PCM is its energy-saving potential. The PCM maintenance structure can reduce dependence on traditional energy, thus reducing system energy consumption and its impact on the environment. Radwan A proposed a new radiant cold plate with multi-segment ceiling style, and compared the temperature distribution difference between radiant cold plate with phase change material and traditional radiant cold plate using software simulation (Sharma et al., 2015). Research showed that radiant cold plates with PCM achieved higher temperature uniformity and better cooling ability on the radiant surface. Larwa B conducted experimental research and COMSOL Multiphysics numerical simulation research on the radiant heating system with PCM in the phase change energy storage floor (Larwa et al., 2021). The research showed that adding PCM above the heating pipe emits more heat. Improving the thermal conductivity of PCM can improve the overall heating performance of phase change energy storage radiant floors.
The cascade PCM maintenance structure is a new method used to improve the thermal performance and energy efficiency of building (Christopher et al., 2021; Panchal et al., 2022; Kishore et al., 2022; Shen, et al., 2024). The traditional building envelope usually adds phase change materials evenly throughout the entire structure, while the strategy of the cascade PCM maintenance structure is to place different PCM in the different areas of the building envelope (Kong et al., 2023). This innovative structure allows targeted thermal regulation in the building areas where temperature fluctuations are most obvious. The cascade PCM maintenance structure can optimize thermal comfort and minimize energy consumption, by changing the distribution of PCM in different parts of the building envelope (Du et al., 2023). However, the initial investment of composite heating system is higher and 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 most researches have devoted to parametric study, where each design parameter was varied while the rest of parameters were fixed, meanwhile, there are conflicts between some evaluating indicators. But the multi-objective optimization method could be effectively conducted into the problem.
This research introduced a cascade phase change radiation terminal heating system combining the solar energy and the air source heat pump. The air source heat pump can make up for the intermittent heating shortage of solar energy. The roof and floor of the building were designed with PCM maintenance structures with different phase change temperatures, which increased the energy storage density of the building maintenance structure and reduced the room temperature fluctuation and system energy consumption. Three typical cities in three climatic zones of China were selected as the location of the PCRTH system. The performance of the system was simulated and analyzed by TRNSYS software, and the comprehensive performance of the PCRTH system in different climate zones was explored. The PCRTH system parameters were optimized based on Hooke-Jeeves optimization algorithm. This study provided a reference for the operation design of clean heating system combined with PCM maintenance structure in different climate zones in China.
2 PCRTH SYSTEM INTRODUCTION
Figure 1 shows the structural schematic diagram of PCRTH system. The bottom and top of a building with a heating area of 1,000 m2 are respectively provided with two PCM maintenance structures with different phase change temperatures. The heat exchange pipe in PCM maintenance structure is linked with the water tank through the circulating water pump P1. The heat generating equipment of PCRTH system adopts the tubular solar collector and the air source heat pump. Moreover, the two heat sources share a water tank. The circulating pump P1 is used to deliver the heat exchange medium to the heat exchange tube. The circulating pump P2 is used to deliver the heat exchange medium to the solar energy collector. The PCRTH system uses the circulating pump P3 to deliver the heat transfer medium to the air source heat pump. The solar energy system and air source heat pump jointly operate to provide heat for buildings in winter, and the PCM maintenance structure can reduce the fluctuation of building room temperature and system energy consumption. The polystyrene board is used as the reference object. Therefore, this paper studies the influence of different maintenance structures on system performance. This study is divided into four structural styles: PCM roof and PCM floor (PCMRF), PCM roof and polystyrene floor (PCMPRF), polystyrene roof and PCM floor (PPCMRF) and polystyrene roof and polystyrene floor (PRF).
[image: Figure 1]FIGURE 1 | Structure of the PCRTH system.
3 SYSTEM RESEARCH METHOD
3.1 System model structure
3.1.1 Phase change maintenance structure model
The active PCM maintenance structure is a type of radiation terminal that combines capillary tube and PCM. The capillary tube is embedded in the concrete layer as a heat source, and the heat is transferred to PCM in direct contact with the capillary layer in the form of heat conduction to store heat. The PCM layer transfers heat to the surface of the maintenance structure and the room through conduction, radiation and convection respectively. In the process of establishing the active PCM maintenance structure model, ActiveLayer is used in TRNSYS to set capillary diameter, tube spacing, wall thickness and heat conductivity of the tube wall to simulate the thermal performance of the capillary, and finally the heat transfer between the PCM layer is established (Kuznik et al., 2010; Ibáñez et al., 2005).
The heat exchange between a capillary layer and a PCM layer involves direct contact on the boundary surface of different materials, and the main treatment method is generally harmonic average method. Take the heat conduction and heat transfer between control volume P and control volume E (which belong to different materials) as an example. According to the Fourier heat conduction law, the following definition Formula 1 can be obtained:
[image: image]
Further get the Formula 2:
[image: image]
Where qe is the transferred heat flow, W/m2. Te is the interface temperature, oC. TE is the E control the temperature of the volume boundary, oC. TP is the P control the temperature of the volume boundary, oC. λe is the interface equivalent thermal conductivity, W/(m·K). λp is the thermal conductivity of P control the temperature, W/(m·K). λE is the thermal conductivity of E control the temperature, W/(m·K).
The model of the active PCM maintenance structure is mainly assumed as follows.
1) It is assumed that the solid specific heat capacity of the PCM is a constant value.
2) It is assumed that the liquid specific heat capacity of the PCM is a constant value.
3) It is assumed that the contact thermal resistance of energy flow between the PCM layer and the adjacent layer is neglected.
4) It is assumed that the solidification and melting process is carried out at a constant temperature.
When the PCM of the active PCM maintenance structure is completely solid, the temperature Formula 3 at the end is:
[image: image]
When the PCM of the active PCM maintenance structure is completely in liquid phase, the temperature Formula 4 at the end is:
[image: image]
Where Tinitial and Tfinal are the initial temperature and the end temperature of PCM during phase transition, respectively, oC. q1 and q2 are the heat from adjacent walls entering the active PCM maintenance structure, respectively, kJ cps is the solid specific heat capacity of the PCM, kJ/(kg·oC). cpl is the liquid specific heat capacity of the PCM, kJ/(kg·oC). It is assumed that the solid specific heat capacity of PCM is the same as the liquid specific heat capacity of the solid specific heat capacity.
The basic structure of the PCM maintenance structure is shown in Figure 2. The direct contact zone is introduced to simplify the heat transfer process on the direct contact surface between the capillary layer and the PCM layer. TRNSYS can calculate the heat flow internally according to the virtual boundary wall temperature (bottom temperature of the PCM layer) in the direct contact area, so as to convert the heat conduction and heat transfer between the surfaces of the two materials into heat flow output. The thermal mass of the medium in the direct contact zone is very small, and its heat transfer equivalent thermal resistance is neglected, which can be regarded as having no influence on the overall heat transfer process. In the building model, the heat flux on the boundary surface is determined by using the output of the internal surface of the space. The BOUNDARY conditions of the PCM layer are obtained by conversion, and then the boundary temperature is determined using the concept of boundary in TRNSYS. The surface temperature of the PCM layer is fed back to the direct contact area and indoor space to complete the heat transfer process of the whole PCM maintenance structure. The PCM data for roof and floor are shown in Table 1.
[image: Figure 2]FIGURE 2 | Establishment method of phase change thermal storage model.
TABLE 1 | Parameters of PCM maintenance structure (Kong et al., 2023).
[image: Table 1]3.1.2 Solar energy system model
The solar energy collector in this study adopted the vacuum tube type. The vacuum tube collector consists of an inner glass tube and an outer glass tube. Table 2 shows the parameters of the solar energy collector model (Gong et al., 2020). The outer surface of the inner tube of the solar collector is coated with a solar radiation absorption coating. The heat transfer fluid flows through the inner tube and is heated. The energy Formulas 5–7 of tubular solar collector is as follows (Gong et al., 2020):
[image: image]
Where Qtotal represents the total heat collected by the tubular solar collector, kJ. Quse represents the transfer heat of tubular solar collector, kJ. Qloss represents the energy loss of vacuum tube solar collector, kJ.
[image: image]
Where L and Dabs represents the length diameter and of tubular solar collector respectively, m. ξabs represents the light absorption efficiency of the inner tube, %. τgla represents the efficiency of sunlight transmission of outer glass tube, %. It represents the total radiation intensity of the sun, W/m2.
[image: image]
Where Tf represents the temperature of heat transfer medium, oC. Ta is the real-time outdoor temperature, oC. εabs represents the light absorption efficiency of inner tube, %. σ represents the Stefan-Boltzmann constant. 0.112 is the heat transfer coefficient in solar collector’s vacuum part.
TABLE 2 | Model parameters of vacuum tube solar collector (Gong et al., 2020).
[image: Table 2]The heat Formula 8 of water tank includes heat gain, heat supply and heat loss. The heat loss of the water tank mainly includes the heat loss at the top, bottom and edge of the water tank (Li et al., 2023).
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Where, Cw represents the specific heat capacity of the heat exchange fluid, kJ/(kg·oC). Mw represents the flow rate of heat exchange fluid, kg/h. Tw represents the average temperature inside the water tank, oC. Qin represents the heat gain of the water tank, kJ. Qout represents the heat supply of the water tank, kJ. Atank represents the water tank external surface area, m2.
3.1.3 Air heat pump model
The coefficient of performance (COP) Formula 9 of air source heat pump is as follows (Li et al., 2023):
[image: image]
The heat absorption Formula 10 of outdoor heat exchanger of air source heat pump is as follows:
[image: image]
Where, COP is the coefficient of performance of the Where qH represents the heating capacity, kJ/h. we represents the power consumption, kJ/h. qe represents the heat absorption of evaporator, kJ/h.
The Formulas 11, 12 for calculating the outlet heat exchange fluid temperature of evaporator and condenser of air source heat pump is as follows (Li et al., 2023):
[image: image]
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Where, Te, TS,in represents the inlet and outlet heat exchange fluid temperature of the evaporator, respectively, oC. TL,out, TL,in represents the inlet and outlet heat exchange fluid temperature of the condenser, respectively, oC. MS represents the heat medium mass flow of outdoor heat exchanger of air source heat pump kg/h. ML represents the heat medium mass flow of indoor heat exchanger of air source heat pump, kg/h.
3.2 PCRTH system control strategy and research strategy
The circulating pump P1 is controlled according to the room temperature. When the room temperature is not higher than 19oC, the circulating pump P1 is in the running state, and when the room temperature is not lower than 25oC, the circulating pump P1 is in the stopping state. The heat exchange medium in the water tank goes to the floor first and then the roof. The PCRTH system is mainly heated by solar collectors, and the air source heat pump is the auxiliary heating equipment. The water temperature in the water tank is not lower than 50oC. The running state of the circulating pump P2 is affected by the temperature difference between the inlet of the solar collector and the water tank. When the outlet temperature of the solar collector is 5oC higher than the water temperature in the water tank, the circulating pump P2 runs. When the difference between the water temperature of the solar collector and the water temperature in the water tank is 3oC, the circulating pump P2 stops. When the solar collector does not operate due to weather, and the water temperature in the water tank is lower than 50oC, the air source heat pump starts to operate and heat. When the water temperature in the water tank is higher than 55oC, the air source heat pump stops heating.
The cascade phase change radiation terminal heating system combining the solar energy and the air source heat pump was being studied. The roof and floor of the building were designed with PCM maintenance structures with different phase change temperatures. The model of PCRTH system was established and verified based on TRNSYS software, and the comprehensive performance of PCRTH system in different climate zones was explored. The model of PCRTH system is established and verified based on TRNSYS software, and the comprehensive performance of PCRTH system in different climate zones is explored. The research process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | PCRTH system research frame diagram.
3.3 Hooke-Jeeves optimization process
3.3.1 Hooke-Jeeves optimization principle
Figure 4 shows the GenOpt optimization flow chart. Due to the interaction between system parameters, it is difficult to get the best system parameters to optimize the system performance. GenOpt optimization method can set optimized system parameters to deal with the complexity of system parameter interaction. TrnOpt is a component used to connect TRNSYS and GenOpt. TrnOpt simplifies the optimization problems: selecting optimization variables that affect results, optimization algorithms, and optimization objective functions. In this study, Hooke-Jeeves optimization algorithm called step-by-step acceleration method or pattern search method was selected. The optimization principle of Hooke-Jeeves optimization algorithm can be understood as finding the minimum value of quadratic function to find the lowest point of curve.
[image: Figure 4]FIGURE 4 | GenOpt optimization flowchart.
3.3.2 Hooke-Jeeves optimization function
The optimization scheme based on the usage of annual fee optimizes the heat collecting area of solar energy system, the hearting power of air source heat pump and the thickness of PCM maintenance structure. The main design parameters of PCRTH system for different urban system simulation models are shown in Table 3. The Heat collecting area of solar energy system is determined accord to that following Formula 13:
[image: image]
TABLE 3 | Main design parameters of PCRTH system corresponding to different cities.
[image: Table 3]Where, Asolar represents the heat collecting area of solar energy system, m2. QH represents the daily heating demand of buildings, MJ. QH is obtained according to the building heat load index and heating area. f represents the solar energy guarantee rate, %. JT represents the annual average daily solar radiation, MJ/(m2d). ηcd represents the thermal efficiency of solar collector, %. ηL represents the heat loss rate, %.
In order to prevent the room temperature from being too low and affecting indoor comfort. The penalty rules defined are as follows:
If the room temperature does not reach 19oC after the heating system is started for 1 h, the punishment will begin. When the room temperature does not reach 19oC, the penalty is 10,000 CNY/h. The penalty will be added to the annual value function of the heating system operating cost. Due to the severity of the penalty, the optimization program will give up selecting system parameters with room temperatures below 19oC. The penalty Formula 14 is as follows:
[image: image]
Where, Ca represents the PCRTH system annual cost, CNY/year. l represents the equipment life, 10 years. Li represents the PCRTH system initial investment, CNY; Co represents the system running cost, CNY/year. The system construction costs of this study include the solar energy collector, water tank, PCM maintenance structure, air source heat pump, circulating pump and polystyrene board. Table 4 shows the cost and service life of each device in the PCRTH system. i is the deposit rate, 5.5%.
TABLE 4 | Cost and life of each equipment.
[image: Table 4]3.4 Analytical model
3.4.1 Economic evaluation model
Levelized Cost of Heat (LCOH) is an index to evaluate the economic performance of PCRTH system. The cost of generating one kWh of heat in the whole life cycle of heating system can be expressed by Formula 15 (Huang and Fan, 2019):
[image: image]
Where, Y represents the service life of analyzed heating system, year. y represents the year within the service life of analyzed heating system, year. Cy represents the maintenance cost of analyzed heating system, CNY. CR represents the running cost of analyzed heating system, CNY. Qy represents the heat supply quantity of analyzed heating system, kWh. In this study, the annual maintenance cost was 1% of the system initial investment. The system running cost CR represents mainly came from the power consumption of two circulating pumps and the air source heat pump. d is the discount rate, 3%.
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Where, PRP represents the power of circulating pump, kW. PASHP represents the heating power of air source heat pump, kW. Ɵn represents the time-sharing electricity price, CNY/kWh. The peak and valley electricity prices in different cities refer to this reference (Han et al., 2023).
3.4.2 Environmental analysis method
The environmental analysis model mainly focuses on the emission of carbon dioxide (CO2) produced by the PCRTH system. CO2 represents one of the main factors leading to global warming. The calculation Formula 21 of CO2 emission of PCRTH system is as follows (Wei et al., 2020):
[image: image]
Where, Mem represents CO2 pollutant emission, kg/m2. Qd represents the total heat supply of PCRTH system, kWh. LHV is the low calorific value of standard coal, 8.14 kWh/kg. ηe is the power generation efficiency, 0.35. ηnet is the transmission efficiency of the power grid, 0.92. ηeh is thermoelectric conversion efficiency, 0.99. a is the heating area, m2. 2.493 is the conversion coefficient of fuel pollution gas emission.
4 DISCUSSION
4.1 Model validation
According to experiment of the stepped phase-change radiation terminal integrated with a building (Kong et al., 2023), to verify the accuracy of system model. The physical diagram of the experimental setup is shown in Figure 5. Figure 6 shows that the numerical average indoor temperature agrees well with the experimental average indoor temperature during the monitored time. The performance of the model built with TRNSYS is evaluated using the following metrics. xi and yi represent the monitored and simulated values, respectively. xm denotes the mean monitored values. And p is the number points in the test dataset. The mean absolute error (MAE) can be defined as the following Formula 22:
[image: image]
[image: Figure 5]FIGURE 5 | Physical diagram of outdoor real size experimental test room (Kong et al., 2023).
[image: Figure 6]FIGURE 6 | Comparisons of experimental and numerical results during the monitored time.
The mean absolute percentage error (MAPE) is introduced to measure the relative error between |xi-yi| and |xi| (i = 1,2, … ,p), and The Formula 23 is as follows:

[image: image]
The MAE and MAPE can quantify the difference between the monitored and simulated indoor temperature. Meanwhile smaller MAE and MAPE values indicate that the model performance is more excellent. It was calculated that MAE and MAPE are 0.3oC and 1.4%, respectively. The results presented that the numerical data agrees well with the experimental data in this study.
4.2 Thermal load analysis of buildings with different maintenance structure
The building heat load of different maintenance structures in three zones are shown in Figure 7. The building heat load in Shenyang was the largest, followed by that in Tianjin and the smallest in Nanjing. This was due to the climatic characteristics of different zones. In the three zones, the building heat load of the PRF structure was the largest, and that of the PCMRF structure was the smallest. The building heat load of PPCMRF structure was similar to that of PCMPRF structure. This was because the PCM maintenance structure effectively improved the thermal inertia of the building maintenance structure and reduced the disturbance of outdoor cold energy to the indoor environment. Meanwhile, PCM maintenance structures can effectively absorb excess indoor heat and avoid heat waste. Through further analysis, it was concluded that the building heat load of PCMRF structure, PPCMRF structure and PCMPRF structure in Nanjing was reduced by 14.0%, 9.9% and 8.8% respectively compared with the PRF structure. The building heat load of PCMRF structure, PPCMRF structure and PCMPRF structure in Tianjin was reduced by 13.2%, 8.8% and 9.4% respectively compared with the PRF structure. The building heat load of PCMRF structure, PPCMRF structure and PCMPRF structure in Shenyang was reduced by 8.1%, 6.8% and 7.1% respectively compared with the PRF structure. This showed that the more PCM maintenance structures were used, the more beneficial it was to reduce the building heat load.
[image: Figure 7]FIGURE 7 | Building heat load corresponding to different cities.
4.3 Room temperature analysis
The room temperatures of different maintenance structures in three zones are shown in Figure 8. PCRTH systems met the demands of room heating in three zones, but room temperature fluctuated. This was caused by the start and stop of heating in the PCRTH system. At the same time, the room temperature fluctuations of different maintenance structures were different. Therefore, the standard deviation of room temperature was used as the evaluation index. As shown in Table 5, the room temperature fluctuation of the PCMRF structure in three zones was the smallest, but the room temperature fluctuation of the PRF structure was the largest. This was because the energy storage characteristics of the PCM maintenance structure provided heat for the room when the PCRTH system did not provide heat. Therefore, the reduction in room temperature was delayed. For the single-stage PCM maintenance structure, the room temperature fluctuation of the PPCMRF structure was smaller. This was because the heat of the PPCMRF structure was easier to dissipate into indoor space, while the heat of the PCMPRF structure was easier to transfer to the roof. Therefore, The PCMRF structure was more efficient at reducing room temperature fluctuations and was suitable for three climatic zones.
[image: Figure 8]FIGURE 8 | Room temperatures corresponding to different cities.
TABLE 5 | Standard deviation of room temperatures corresponding to different cities.
[image: Table 5]4.4 Energy consumption analysis
The energy consumption of PCRTH system with different maintenance structures in three zones is shown in Figure 9. Among the three zones, the energy consumption of the PCRTH system based on PCMPRF structure was the smallest, while the energy consumption of the PCRTH system based on PRF structure was the largest. This was due to the high thermal storage density of the PCM maintenance structure. This can store solar energy. Therefore, the PCM maintenance structure was beneficial to reduce the system energy consumption. For the single-stage PCM maintenance structure, the energy consumption of the PCMPRF structure was slightly higher than that of the PPCMRF structure. This was because the heat stored in PCMPRF structure was lost to the roof, which increased the heat supply of PCRTH system. Compared with the PRF structure, the system energy consumption of the PCRTH systems based on PCMPRF structure, PPCMRF structure and PCMRF structure in Nanjing decreased by 2.7%, 4.3% and 6.8% respectively. The energy consumption of the PCRTH systems based on PCMPRF structure, PPCMRF structure and PCMRF structure in Tianjin decreased by 1.2%, 3.3% and 6.8% respectively. The energy consumption of the PCRTH systems based on PCMPRF structure, PPCMRF structure and PCMRF structure in Shenyang decreased by 1.7%, 2.2% and 3.9% respectively. From the point of view of system energy consumption, the PCM maintenance structure had more advantages in the hot summer and cold winter zone. This was due to the large heat load required by buildings in the sever cold zone, and the heat stored in the PCM maintenance structure had little effect on delaying the decrease to room temperature. Therefore, the fluctuation of room temperature of PCMRF structure in Shenyang is the largest.
[image: Figure 9]FIGURE 9 | System energy consumption corresponding to different cities.
4.5 System economic analysis
The LCOH values of different maintenance structure system in three zones are shown in Figure 10. The LCOH of the PCRTH system based on PCMRF structure in the three zones was the highest, while that of the PCRTH system based on PRF structure was the lowest. The LCOH of the PCRTH system based on PCMRF structure in Nanjing was 16.8% higher than that of the PCRTH system based on PRF structure. The LCOH of the PCRTH system based on PCMRF structure in Tianjin was 6.8% higher than that of the PCRTH system based on PRF structure. The LCOH of the PCRTH system based on PCMRF structure in Shenyang was 10.7% higher than that of PRF structure. This was due to the high cost of PCM maintenance structure. The lower cost of the polystyrene board led to the lowest construction cost of the PCRTH system based on PRF structure. The LCOH of the PCRTH system based on PCMPRF structure was higher than that of the PPCMRF structure, which was due to the higher system energy consumption of the PCRTH system based on the PCMPRF structure, resulting in higher operating costs. Although the PCM maintenance structure reduced room temperature fluctuation and increased system energy consumption, it caused construction cost to increase. From an economic point of view, the economy of the PCRTH system based on PRF structure in three zones was the best.
[image: Figure 10]FIGURE 10 | System LCOH corresponding to different cities.
4.6 System environment analysis
The CO2 emissions of different maintenance structures in three zones are shown in Figure 11. The CO2 emission of the PCRTH system based on PCMRF structure in the three zones was the lowest, while the CO2 emission of the PCRTH system based on PRF structure was the highest. The CO2 emission of the PCRTH system based on PCMPRF structure was slightly higher than that of the PCRTH system based on the PPCMRF structure. At the same time, the CO2 emissions from different maintenance structures in the severe cold zone were the highest in all three zones. Equation (20) showed that the CO2 emission of PCRTH system was affected by the system energy consumption. Therefore, the greater the energy consumption of the system, the higher the CO2 emissions from the system.
[image: Figure 11]FIGURE 11 | System CO2 emission corresponding to different cities.
4.7 Analysis of influence of PCM maintenance structure thickness on system performance
In order to further analyze the influence of PCM maintenance structure on the performance of PCRTH system. First, the effect of PCM maintenance structures with different thicknesses on system energy consumption was analyzed. Taking PCMRF structure as an example, the influence of thickness of PCM maintenance structure on system energy consumption in three zones are shown in Figure 12. The energy consumption of PCRTH system in the three zones decreased with the increase in the thickness of the PCM maintenance structure. The reason was that the thickening of the PCM maintenance structure will store heat in the building maintenance structure. Therefore, the PCM maintenance structure can store more solar energy, and helped to reduce the building heat load. Through further analysis, it can be known that with the increase in the thickness of the PCM maintenance structure, the energy consumption of PCRTH systems in hot summer and cold winter zone, the cold zone and the severe cold zone decreased by 24.2%,23.1% and 16.7% respectively, compared with the PCM maintenance structure with a thickness of 0.01m.
[image: Figure 12]FIGURE 12 | Influence of thickness of PCM plate on system energy consumption corresponding to different cities.
The influence of thickness of PCM maintenance structure on system LCOH in three zones are shown in Figure 13. The influence of the increase in the thickness of the PCM maintenance structure on the LCOH of PCRTH system was opposite to that of the energy consumption. The LCOH of the PCRTH system decreased with the increase in the thickness of the PCM maintenance structure. Through further analysis, it can be known that with the increase in the thickness of the PCM maintenance structure, the LCOH of PCRTH systems in Nanjing, Tianjin and Shenyang increased by 29.9%, 31.7% and 32.5% respectively, compared with the PCM maintenance structure with a thickness of 0.01 m.
[image: Figure 13]FIGURE 13 | Influence of thickness of PCM plate on LCOH corresponding to different cities.
4.8 Hooke-Jeeves optimization analysis
From the above analysis, it can be seen that room temperature fluctuation of the PCMRF structure was the smallest. At the same time, the PCRTH system based on PCMRF structure had low energy consumption and remarkable environmental benefits, but the heating cost of the system was high. Therefore, the heat collecting area of solar energy system, the heating power of air source heat pump, PCM roof thickness and PCM floor thickness in the PCMRF structure system were taken as optimization parameters. As shown in Figure 14, the fluctuation of each optimization parameter tended to be stable after 400 iterations. Therefore, the Hooke-Jeeves optimization method was feasible in the optimization calculation of the PCRTH system.
[image: Figure 14]FIGURE 14 | Variation of optimization parameters with optimization times.
The optimization results are shown in Table 6. As shown in Figure 15, the energy consumption of the optimized PCRTH system in three zones had been reduced. The energy consumption of Nanjing, Tianjin and Shenyang decreased by 10.7%, 9.3% and 9.7% respectively. This was due to the increase in solar heat collection area in the PCRTH system in the three zones. Therefore, the heat supply quantity of the solar energy system was improved and the power consumption of the air source heat pump was reduced. As shown in Figure 16, the LCOH of the optimized PCRTH system in these three zones had been reduced. LCOH of PCRTH systems in Nanjing, Tianjin and Shenyang decreased by 5.2%,4.2% and4.8% respectively. This was because the construction cost of PCM maintenance structures and air heat pumps had been reduced. The cost of PCM maintenance structures in Nanjing, Tianjin and Shenyang decreased by 33.3%, 25.0% and 11.7% respectively. Although the increase in solar heat collection capacity led to a slight increase in construction costs, the decrease in system energy consumption reduced the operating cost of the system. As shown in Figure 17, the CO2 emissions of the PCRTH system in the three zones all decreased. CO2 emissions from PCRTH systems in Nanjing, Tianjin and Shenyang decreased by 5.2%, 4.5% and 4.8% respectively.
TABLE 6 | Standard deviation of room temperature corresponding to three cities.
[image: Table 6][image: Figure 15]FIGURE 15 | Optimized system energy consumption.
[image: Figure 16]FIGURE 16 | Optimized system LCOH.
[image: Figure 17]FIGURE 17 | Optimized system CO2 emission.
5 CONCLUSION
In this study, the influences of PCM maintenance structure on room temperature fluctuations, system energy consumption, system heating cost, and CO2 emissions in different heating zones were analyzed. The thickness of PCM maintenance structure, the heat collecting area of solar energy system, and the heating power of air source heat pump in different zones are optimized by Hooke-Jeeves optimization method. It provided guidance for the application of heating system based on PCM maintenance structure in different zones. The conclusions of the study are as follows:
Because the PCM maintenance structure improved the heat storage capacity of the building maintenance structure and stored the excess indoor heat, the PCMRF maintenance structure was the most beneficial to reduce the building heat load and reduced the fluctuation of room temperatures during the winter. The PCMRF maintenances structure in Nanjing, Tianjin and Shenyang reduced the heat load of buildings by 14.0%, 13.2% and 8.1%, respectively.
Because the PCM maintenance structure can store solar energy, the energy consumption and pollutant emissions of the system based on PCM maintenance structures in the three zones were lower than those of the system based on polystyrene board. However, the LCOH of systems based on PCM maintenance structure in Nanjing, Tianjin and Shenyang is 16.8%, 6.7% and 10.7% higher than that based on polystyrene board, respectively.
The increase of the thickness of PCM maintenance structure was beneficial to reduce the energy consumption of the PCRTH system, but the heating cost of the PCRTH system was submitted. The LCOH of PCRTH systems in Nanjing, Tianjin and Shenyang decreased by 5.2%, 4.2% and 4.8% respectively based on the Hooke-Jeeves optimization method.
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