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Abstract: Aiming at the problems of large energy consumption and serious pollution of winter heating existing in the rural buildings in Southern Xinjiang, a combined active-passive heating system was proposed, and the simulation software was used to optimize the parameters of the system, according to the parameters obtained from the optimization, a test platform was built and winter heating test was carried out. The simulation results showed that the thickness of the air layer of 75 mm, the total area of the vent holes of 0.24 m2, and the thickness of the insulation layer of 120 mm were the optimal construction for the passive part; solar collector area of 28 m2, hot water storage tank volume of 1.4 m3, mass flow rate of 800 kg/h on the collector side, mass flow rate of 400 kg/h on the heat exchanger side, and output power of auxiliary heat source of 5~9 kW were the optimal constructions for active heating system. Test results showed that during the heating period, the system could provide sufficient heat to the room under different heating modes, and the indoor temperature reached over 18°C, which met the heating demand. The economic and environmental benefits of the system were analyzed, and the economic benefits of the system were better than coal-fired heating, and the CO2 emissions were reduced by 3,292.25 kg compared with coal-fired heating. The results of the study showed that the combined active-passive heating system could effectively solve the heating problems existing in rural buildings in Southern Xinjiang, and it also laid the theoretical foundation for the popularization of the combined heating systems.
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1  Introduction

Southern Xinjiang region has a temperate continental arid climate [1], with cold winters and a long heating period, to meet the heating demand, a large amount of energy is consumed while a large amount of harmful gases are emitted, and this problem is even more significant in rural areas. The reason for this is that there are many rural buildings in Southern Xinjiang and their distribution is relatively decentralized, residents use coal-fired boilers for heating, which has low thermal efficiency and consumes a large amount of non-renewable energy while generating a large amount of harmful gases and exacerbating air pollution. Thus, improving the heating methods of rural buildings in the Southern Xinjiang areas is an urgent problem to be solved nowadays.

Scholars in various countries have carried out a large number of studies to solve the heating problems of rural buildings, and these studies include optimization studies on Trombe walls and active heating equipment as well as the analysis of the application effect of combined active-passive heating systems: Abdeen et al. [2] modeled the Trombe wall and studied the construction parameters of the Trombe wall in relation to the climatic characteristics of the City of Alexandria. The results of the study show that the construction of the Trombe wall is optimal when the height of the wall is 1.7 m, the thickness of the wall is 0.3 m, and the thickness of the air layer is 0.22 m. The model improves the thermal comfort by 38.19%. during the simulation period. Jaber et al. [3] studied the Trombe wall in terms of heating, environmental, and economic aspects and found that the Trombe wall is optimal when it covers 37% of the building’s south wall area, reduces auxiliary heating by 32.1% per year and reduces CO2 emissions by 445 kg per year. Combined with the climatic characteristics of Lhasa, Liu et al. [4] used TRNSYS software to study the solar heating system and found that the net benefit of the system is maximum when the solar collector area is 87.2 m2 and the tank volume is 9.0 m3. Feng et al. [5] proposed a heating system with solar energy combined with electromagnetic energy and optimized the system parameters using TRNSYS software, and found that when the heating area is 97.74 m2, the solar collector area is taken to be 15 m2, the volume of the water tank is taken to be 2 m3, and the power of the electromagnetic energy is 12 kW, the system has the highest economic efficiency. Li et al. [6] established an air source heat pump-assisted solar collector heating system in Lanzhou and studied the system, which was found to be able to stably heat the building and reduce CO2 emissions by 12,323.55 kg throughout the heating period. Zhou et al. [7] proposed a heating system that combined an air-source heat pump with a water-source heat pump and phase-change heat accumulator, which was investigated using a combination of simulation and experimental testing, and it was found that the system kept the indoor temperature of the building at more than 18°C, and that the system had a good energy-saving effect. Ma et al. [8] proposed a solar combined air source heat pump system, which was tested and found to be able to keep the indoor temperature above 14°C and meet the heating demand. Li et al. [9] considered utilizing solar energy to replace part of the traditional energy sources and established a heating system of solar energy combined with a coal-fired boiler, using which the indoor temperature of the building can be maintained above 11°C, which meets the heating needs of the residents. Li et al. [10] proposed a time-controlled solar-assisted air source heat pump system, which was found to maintain the average indoor temperature of the building above 18°C to meet the heating demand. The coal consumption of this system during the heating period is only 25% of that of a coal-fired boiler, which can effectively reduce harmful gas emissions. Using the TRNSYS simulation platform, Wang et al. [11] conducted a simulation study of active and passive dual-effect collector air heating applied to a solar demonstration building and found that when the weather is sunny, the indoor temperatures of the building’s south and north rooms can reach a comfortable temperature of 20°C.

All of the above studies have achieved certain results, but there is a lack of studies on the improvement of rural building heating methods in Southern Xinjiang. Based on the above studies, this study proposed a Trombe wall coupled with a solar collector and biomass boiler as auxiliary heat sources as a combined active-passive heating system, taking into account the abundant solar energy resources and biomass resources in the Southern Xinjiang [12–14]. Combined with the climatic characteristics of Southern Xinjiang, this study optimized the parameters of the passive and active parts of the heating system, obtained the optimal parameters of the system, built a test platform based on the obtained parameters, and carried out a winter heating test, analyzed the operating effect of the combined heating system, and provided a reference for the application of the combined active-passive heating systems in the rural areas of the Southern Xinjiang.

2  Methods

2.1 Overview of the Test House

The test house is located in Company 8th of the 51st Regiment in Tumushuke City, Xinjiang, and is a brick-concrete structure. The building is one floor above ground, facing south, with a floor area of 114.49 m2 and a floor height of 3 m. The external appearance and layout of the test house can be seen in Figs. 1a and 1b, respectively, Table 1 provides details of the building’s envelope structure.
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Figure 1: Exterior view of the test room and room layout: (a) External appearance of the test house; (b) Room Layout
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2.2 Research Methodology and Content

The research methodology of numerical simulation combined with experimental testing was used in this study. Numerical simulation includes: ANSYS software was used to optimize the thickness of the air layer, the area of the upper and lower vents, and the thickness of the insulation layer of the Trombe wall; and the parameters of the active heating system were optimized using the TRNSYS software, which included the solar collector area, volume of the hot water storage tank, flow rate of system pipes, and power of the biomass boiler. The experimental test includes: according to the parameters of the combined heating system obtained from numerical simulation, the test platform was established and the winter heating effect was tested. The specific research process is shown in Fig. 2.
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Figure 2: Method flowchart

2.3 Test Platform Construction

According to the system parameters obtained from the simulation, a test platform for the combined active-passive heating system was built, which consisted of two parts: the conversion of the south wall of the building into a Trombe wall and the installation of the active heating system. The completed test platform is shown in Fig. 3.
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Figure 3: Exterior view of the test platform and active heating equipment: (a) Trombe wall; (b) Floor heating coil; (c) Biomass boiler; (d) Solar collector; (e) Hot water storage tank

2.4 Test Content and Instruments

After the test platform was built, its winter heating effect was tested. This study aims to test three components: the indoor environment, the performance of the active heating system, and the outdoor environment. The indoor environment testing includes: indoor temperature and humidity, the temperature and wind speed at the upper and lower vents of the Trombe wall, heat flow as well as temperature of the internal and external wall surfaces, and temperature and heat flow of other enclosures. The outdoor environment tests consist of outdoor temperature, humidity, and solar radiation intensity. Active heating system tests include: inlet and outlet water temperatures of solar collectors, inlet and outlet water temperatures of hot water storage tanks, inlet and outlet water temperatures of biomass boilers and electric auxiliary heaters, and inlet and outlet water temperatures of low-temperature radiant floor systems. The layout of the test points is presented in Fig. 4.
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Figure 4: Layout of test points: (a) Layout of test points for the Trombe wall; (b) Room test point layout plan; (c) Layout of test points for active heating systems

Fig. 4a shows the layout of the test points of the Trombe wall, where: T1-temperature of the upper vent; T2-temperature of the lower vent; T3-temperature of the upper air layer; T4-temperature of the middle air layer; T5-temperature of the lower air layer; T6-inner surface temperature and heat flux of the Trombe wall; W1-wind speed of the upper vent; W2-wind speed of the lower vent; and the meteorological station is arranged on the roof to test the temperature and humidity as well as the solar radiation from the outdoor area.

Fig. 4b shows the layout of temperature and humidity test points in the test room: T1-air temperature at a height of 1.5 m above the floor in room 1; T2-air temperature at a height of 1.5 m above the floor in room 2; T3-air temperature at a height of 1.5 m above the floor in room 3; T4-air temperature at a height of 1.5 m above the floor in room 4; T5-outdoor temperature.

Fig. 4c shows the active heating system layout of the test point: T1-return water temperature of the solar collector-plate heat exchanger side; T2-water supply temperature of the solar collector-plate heat exchanger side; T3-water supply temperature of the plate heat exchanger-water tank side; T4-return water temperature of the plate heat exchanger-water tank side; T5-water supply temperature of the water tank-underfloor heating side water supply temperature; T6-return water temperature of the tank-underfloor heating side; T7-return water temperature of the biomass boiler-underfloor heating side; T8-water supply temperature of the biomass-underfloor heating side; T9-temperature of the upper part of the water tank; T10-temperature of the lower part of the water tank.

The specific operation is as follows: using RR002 temperature and humidity recorder every 10 min to record the indoor temperature and humidity, according to the “Civil Building Indoor Heat and Humidity Environment Evaluation Standard” [15], the horizontal distance of the sensor’s layout point position from the wall is more than 0.5 m, and the vertical distance from the floor is 1.5 m. Thermocouples and heat flow plates were attached to the wall surface, and the wall temperature was recorded every 10 min using the JTDL-80 Temperature and Heat Flow Dynamic Data Acquisition System. The Vantage Pro2 automatic weather station was installed on the roof of the building and recorded ambient outdoor temperature, humidity, and solar radiation every 30 min; Parameters such as system water supply and return temperatures, thermal efficiency of solar collectors and biomass boilers were recorded at 1 min intervals using an active heating system automated control system program.

3  Simulation and Optimization

3.1 Mathematical Models

3.1.1 Establishment of the Trombe Wall Model

The Trombe wall was modeled and simulated using ANSYS software and its air layer thickness upper and lower vent area and insulation thickness were optimized. Fig. 5 shows the model of the Trombe wall.
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Figure 5: Model of the Trombe wall: (a) Section view; (b) Elevation

The model was imported into the Fluent solver and then the computational model was set up, including: adding the energy equation and the viscosity model as an RNG k-ε model. The Boussinesq assumption was used in the simulation considering the small variation in air pressure at the Trombe wall; the gravitational acceleration was set to be in the negative direction along the y-axis. In addition, no-slip boundary conditions were used on the walls by default, since the viscosity of the air was considered in the simulation. The SIMLEC scheme and the second-order upwind space discretization method were used for the simulation. The physical parameters of the materials used for the simulation are shown in Table 2.
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According to the Thermal Design Code for Civil Buildings, the code set the convective heat transfer coefficient for the inner surface of the Trombe wall at 8.0 W/m2·K [16], and for the outer surface of the double-glazed panel at 20.0 W/m2·K. The upper and lower vents were established as the inlet and outlet boundaries for pressure and were open from 11:00 AM to 6:00 PM. This numerical simulation adopted the transient calculation method to study the dynamic heating characteristics of walls throughout the day. The outdoor temperature used in the simulation was obtained by querying meteorological data from previous years, and the solar radiation utilized the Solar Ray Tracing and Solar Calculator functions of Fluent software to combine the two activities. In this study, the outdoor temperature on December 21 was selected for simulation. The outdoor parameters used for the simulation are shown in Fig. 6.
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Figure 6: Outdoor parameters used for simulation

As shown in Fig. 6, the outdoor temperature on the simulated day was low, fluctuating between 2.4°C and −12.5°C; there was sufficient solar radiation, up to 760 W/m2.

3.1.2 The Principle of Heating with Trombe Walls

Based on the Trombe wall model, this study optimized the air layer thickness, upper and lower vent areas, and insulation thickness of the wall, and determined the optimal construction parameters of the Trombe wall by comparing the amount of heat supplied to the building by differently constructed walls.

The convective heating capacity of a Trombe wall can be calculated according to the following equation:

Qh(τ)=cama(τ)ΔTa(τ)(1)

where: ca is the specific heat capacity of air, 1006.34 kJ/kg·°C; ΔTa is the air temperature difference between the upper and lower vents of the Trombe wall, °C; ma(τ) is the mass flow rate through the vents, kg/s; ma(τ) = ρ(τ)v(τ)A, where ρ(τ) is the density corresponding to the hourly average air temperature of the upper and lower vents, kg/m3, v(τ) is the wind speed of the vents, taking the wind speed of the upper vents, m/s, and A is the area of the vents, m2.

The quantity of conductive heat delivered by a Trombe wall can be computed using the following equation:

Qd(τ)=KΔTb(τ)A(2)

where: A is the inner surface of the wall, taken as 13.206 m2; K is the integrated heat transfer coefficient of the Trombe wall, W/(m2·K); ΔTb (τ) is the difference between the temperature of the air layer and the indoor temperature, °C.

The total heating capacity of a Trombe wall can be calculated using the following equation:

Q=Qh+Qd(3)

3.1.3 Establishment of Active Heating Systems

The study’s simulation of the active heating system includes utilizing TRNSYS system transient simulation software to analyze the active heating system with varying solar collector area, hot water storage tank volume, system piping flow parameters, and biomass boiler output power. Furthermore, it entails selecting the specific parameters of the combined heating system in conjunction with economic factors.

The simulation module is chosen based on the active heating system’s operating principle. According to the actual situation of the test house, TRNSYS is used to build the model, and the model built is shown in Fig. 7.
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Figure 7: TRNSYS system model diagram

3.2 Optimization Results

3.2.1 Optimization of Air Layer Thickness

To study the effect of the air layer on the Trombe wall, simulations were carried out for Trombe walls with air layer thicknesses of 25, 50, 75, 100, 125, 150, 175, and 200 mm, respectively.

Fig. 8a shows the trend of heat supply in the Trombe wall over time for varying air layer thicknesses. As the thickness of the air layer increased from 25 to 75 mm, the hourly heat supply of the Trombe wall gradually increased; In contrast, when the air layer thickness increased from 75 to 200 mm, the heat supply of the wall decreased over time, with fluctuations between 100 and 200 mm. Fig. 8b shows the correlation between the total heat supply of the Trombe wall and the thickness of the air layer. The Trombe wall’s total heat supply increased from 32.76 to 44.96 MJ as the air layer thickness increased from 25 to 75 mm. However, the heat supply gradually decreased to 35.63 MJ when the air layer thickness increased from 75 to 200 mm. Based on the data in Figs. 8a and 8b, the Trombe wall performed best when the air layer thickness was 75 mm, providing the highest heat supply to the building.
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Figure 8: Influence of air layer thickness on the heating capacity of trombe walls: (a) Hourly heat supply of the Trombe wall at different air layer thicknesses; (b) Total heat supply of the Trombe wall with different air layer thicknesses

The total heat supply of the Trombe wall shows an increasing and then decreasing trend with the increase in the thickness of the air layer. This is because the airflow within the air layer of the Trombe wall belongs to the natural convection in a space of finite thickness, whereas the airflow pattern within the air layer can be categorized into laminar and turbulent states, which are determined on the basis of the Gerashov number. When the airflow is laminar, the greater the thermal efficiency of the Trombe wall, the greater the amount of heat supplied as the thickness of the air layer increases. When the airflow is turbulent, the turbulence is gradually enhanced with the increase of the thickness of the air layer, and the convective heat transfer between the air inside the air layer and the surface of the Trombe wall is intensified, promoting the heat transfer process of the Trombe wall. However, as the thickness of the air layer increases, the air thermal resistance gradually increases, inhibiting the heat transfer process in the Trombe wall. Therefore, when the airflow is turbulent, as the thickness of the air layer increases, the increase or decrease in the amount of heat supplied by the Trombe wall is determined by the strength of the effect of the above two factors.

3.2.2 Optimization of Vent Holes Area

In order to study the effect of vent hole area on heat supply, simulations were carried out on Trombe walls with vent holes of varying areas (0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.24, 0.26, 0.28 and 0.3 m2).

Fig. 9a shows the hourly heat supply trend over time for the Trombe wall with varying vent areas. The figure shows that an increase in vent area from 0.1 to 0.24 m2 results in a rise in hourly heat supply. However, when the vent area increased from 0.24 to 0.3 m2, the hourly heat supply experienced gentle fluctuations. The Trombe wall’s heat supply achieved its greatest value at 18:00, with a minimum of 4325.30 kJ at a 0.1 m2 vent area and a maximum of 5423.23 kJ at a 0.24 m2 vent area. Fig. 9b shows the correlation between the area of vent holes and the total heat supply of the Trombe wall. It is noteworthy that the wall’s total heat supply increased and then decreased as the vent area increased from 0.1 to0.3 m2. At 0.24 m2, the total heat supply hit its peak at 41.36 MJ, which indicated that this value represented the optimal area of the vent holes.
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Figure 9: Influence of vent hole area on the amount of heat supplied by the Trombe wall: (a) Hourly heat supply of the Trombe wall with different vent hole areas; (b) Total heat supply of the Trombe wall with different vent hole areas

Reason for the varying total heat supply of a Trombe wall in relation to the size of ventilation holes: as the area of vent holes is increased, the airflow rate across the air layer rises, and the airflow rate into and out of the air layer also increases, resulting in an initial increase followed by a decrease in heat supply. At the same time, the convective heat supply of the Trombe wall increases due to the increased air flow rate, which enhances the convective heat transfer between the air within the air layer and the outer surface of the Trombe wall. However, as the area of vent holes is increased, the Trombe wall’s temperature decreases due to an increase in convection heat transfer. This decrease in temperature leads to a reduction in conductive heat supply from the Trombe wall to the room. When the convective heat supply increase is less than the conductive heat supply decrease, the total heat supply from the Trombe wall decreases.

3.2.3 Optimization of Insulation Thickness

In order to study the effect of insulation thickness on the heat supply of Trombe walls, simulations were carried out for Trombe walls with insulation thicknesses of 0, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mm, respectively.

Fig. 10a shows the trend of hourly heat supply of the Trombe wall with different insulation thicknesses. During the period when the vents were opened, there was a growth in the average hourly heat supply of the Trombe wall from 2325.88 to 3067.35 kJ·h−1 as the thickness of the insulation was increased from 0 to 120 mm. The average hourly heat supply increased from 3067.35 to 3084.34 kJ.h−1 as the insulation layer’s thickness increased from 120 to 200 mm. Fig. 10b shows the correlation between the thickness of insulation and the total heat supply of the Trombe wall. As thickness increases from 0 to 120 mm, the total heat supply of the Trombe wall increased from 35.17 to 41.35 MJ. When the thickness of the insulation was increased from 120 to 200 mm, the total heat supply of the Trombe wall ranged from 40 to 41 MJ. In summary, the Trombe wall supplied the maximum amount of heat to the building at an insulation thickness of 120 mm.
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Figure 10: Influence of insulation thickness on heat supplied by the trombe wall: (a) Hourly heat supply of Trombe walls with different insulation thicknesses; (b) Total heat supply of the Trombe wall with different insulation thicknesses

The total heat supply of the Trombe wall shows a trend of first increasing and then decreasing with the increase of the thickness of the insulation layer. This is due to the fact that as the thickness of the insulation increases, the thermal inertia of the Trombe wall increases and the amount of conductive heat transfer from the wall decreases, but the amount of hot air entering the room through the vents increases and the amount of convective heat supply increases, and when the increased amount of convective heat supply is less than the decreased amount of conductive heat supply, the total heat supply of the Trombe wall decreases.

3.2.4 Optimization of Solar Collector Area

In line with the low-temperature radiant floor systems heating requirements outlined in the “Design Code for Heating, Ventilation and Air Conditioning of Civil Buildings” (GB50736-2012), the target minimum heating water inlet temperature for low-temperature radiant floor systems is 30°C. In this study, collector areas of 20 to 40 m2 were selected to simulate and analyze the heat supply and solar energy guarantee of systems with different collector areas. The TRNSYS simulation results are presented in Table 3 and Fig. 11.
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Figure 11: Variation of solar guarantee rate with solar collector area

As the collector area increased, the amount of solar heat supplied increased gradually, but the rate of increase diminished; conversely, the amount of auxiliary heat supplied decreased gradually as the collector area increased, but the rate of decrease slowed down. The solar guarantee rate’s growth rate decreased substantially between 26 and 30 m2 of collector area, with both changes being minimized at 28 m2 of collector area. Therefore, the collector area of the active heating system in the test house was selected to be about 28 m2 as the best, taking into account the economy of the system.

3.2.5 Optimization of Hot Water Storage Tank Volume

When designing a solar collector and determining its heat storage capacity, it is important to consider that a higher storage temperature in the tank results in a smaller volume of hot water storage, but greater heat loss for the system. Conversely, a lower storage temperature leads to a larger volume of hot water storage and lower heat loss. It is essential to find the optimal volume for the tank.

The study analyzed the impact of varying hot water storage tank volumes on the energy supply for the system, ranging from 0.6 to 2.0 m3. The findings from the TRNSYS simulation analysis are presented in Fig. 12.
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Figure 12: Changes in system performance for different storage tank capacities

As the volume of the heat storage tank increased, so did its heat supply. At a volume of 1.4 m3, the tank’s heat supply peaked at 467 kW·h before gradually decreasing. Ultimately, the ideal volume for the water tank is 1.4 m3.

3.2.6 Optimization of System Pipeline Flow

The exchange of heat between the water tank and solar collector is carried out by the plate heat exchanger, so the mass flow on both sides of the plate heat exchanger has a direct impact on the thermal efficiency of the system. There is an optimal combination of mass flow on both sides to maximize the heat collection of the system (Collector side: mass flow between the plate heat exchanger and solar collector; Heat exchanger side: mass flow between the storage tank and the plate heat exchanger).

In this study, TRNSYS software was used to simulate the system’s performance, with flow rates ranging from 200 to 800 kg/h on both the collector and heat exchanger sides. The heat of the tanks was compared during the test period of the orthogonal test to determine the optimal mass flow rates at both ends of the plate heat exchanger. The orthogonal test results are shown in Table 4.
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When the collector side’s mass flow rate was 800 kg/h and the heat exchanger side’s mass flow rate was 400 kg/h, the hot water storage tank gained the most heat. Therefore, the collector side’s flow rate should be set to 800 kg/h and the heat exchanger side’s mass flow rate should be set to 400 kg/h when the system was in operation.

3.2.7 Optimization of Output Power for Auxiliary Heat Sources

Inadequate power output from the auxiliary heat source can cause inadequate indoor heating. However, if the power output is too great, heat loss may increase, significantly reducing efficiency and overall cost-effectiveness. Therefore, selecting the appropriate power output is critical to the efficient operation of the system. According to GB50736-2012, the design code for heating, ventilation, and air conditioning in civil buildings [17], the optimal temperature range for low-temperature radiant floor system piping is between 35°C and 45°C, and should not exceed 60°C. Additionally, in order to meet specification requirements for thermal comfort in the test building during the heating period, the extreme weather conditions must be taken into account by the auxiliary heat source heating situation. Based on the above considerations, TRNSYS software was used in this study to simulate the heating effect of the auxiliary heat source in the absence of solar heating, and the results are shown in Fig. 13.
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Figure 13: Variation of maximum and average daily inlet water temperatures for underfloor heating with the power of the auxiliary heat source during the test period

As shown in the figure, when the auxiliary power of the heating system was within the scope of 5 to 9 kW, the average temperature of the water entering the underfloor heating network was 35°C to 45°C. Thus, the auxiliary heat source may be chosen from the range of 5 to 9 kW. In this study, an auxiliary heat source of a biomass boiler with a rated power and fuel quantity of 7 kW and 6 kg·h−1 was chosen.

4  Experimental Results and Validation

4.1 Comparative Analysis of Simulation and Test Results

To verify the accuracy of the above model, the indoor thermal environment was simulated under measured climatic conditions. In this study, the climatic conditions of December 21, 2021 were selected for simulation, and the outdoor environmental parameters on that date are shown in Fig. 14.
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Figure 14: Outdoor environmental parameters on test day

As shown in the figure, the outdoor temperature fluctuated between 1.5°C and −10.6°C on that day, with a maximum solar radiation of 716.567 W/m2 and an average daily solar radiation of 206.45 W/m2.

4.1.1 Comparison of Simulation and Testing of the Trombe Wall

Fig. 15a displays the velocity distribution of vectors at X = 0.3 m for various moments of the vent holes located on the top of the Trombe wall. It was evident that the wind velocity of the vent holes decreased as it got nearer to the Trombe wall, with the maximum velocity located at the center. The wind velocity at the top vent hole had a minimum value of 0.73 m/s at 11:00 and reached a maximum value of 1.68 m/s at 14:00, representing an increase of 130% in wind velocity. Fig. 15b displays the temperature distribution of the upper vent hole located at Z = −0.665 m on the Trombe wall. The highest temperature recorded was 45.32°C at 14:00, while the lowest temperature was 21.30°C at 11:00. Figs. 16a and 16b display the differences between simulated and measured values, as well as the relative errors over time, for the temperature and wind speed of the upper vent. As shown in the figure, the simulated values and measured values exhibit a similar trend, and the maximum relative errors between simulated and measured values were below 15%, thereby satisfying stipulated criteria [18].
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Figure 15: Simulation results: (a) The vent holes at the top of the heat storage wall are distributed at X = 0.3 m at different moments; (b) Temperature contour of different moments at the top vent at Z = −0.665 m of the Trombe wall
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Figure 16: Comparison of simulated and measured values: (a) Simulated vs. measured values and relative errors of upper vent temperatures over time; (b) Simulated vs. measured values and relative errors of upper vent wind speed over time

In summary, by comparing the differences between the simulated and measured values of temperature and wind speed at the upper vent holes, it could be concluded that the model of the Trombe wall constructed in this study was accurate, and the above optimization study of the Trombe wall was reliable.

4.1.2 Comparison of Simulations and Tests of Active Heating Systems

To ensure model accuracy and minimize experimental error due to initial conditions, this study preheated the test building three days prior, pre-stored the water tank, and compared and analyzed the last day’s test data with data simulated by the TRNSYS model. Four key parameters were chosen for analysis: inlet and return water temperatures at the heating end, indoor temperature, solar heating power, and auxiliary heat source power, as illustrated in Fig. 17. Table 5 shows the calculated relative errors between simulated and measured values for the indoor temperature, and the inlet and return water temperatures for the underfloor heating, as well as the solar and auxiliary heat source power.
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Figure 17: Simulation and experimental comparison of active heating systems: (a) Comparison of inlet and outlet water temperatures for underfloor heating; (b) Indoor temperature comparison; (c) Comparison of solar and auxiliary heat source heating power
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It could be seen that the trend of the TRNSYS simulation value was basically the same as that of the measured value. The relative errors RE of the five exemplary parameters remain below 15%. Therefore, the optimization design of the active heating system using TRNSYS reflects actual observations to some extent and the TRNSYS model aptly represents the active heating system’s real operational state.

4.2 Analysis of Test Results

The heating period in Tumushuku City, Xinjiang, extends from 15 November 2021 to 15 March 2022 and covers a duration of four months. To analyze the combined active-passive heating system’s performance during the heating period and the test room’s thermal environment, this study conducted experimental tests on three system modes: solar heating mode, biomass heating mode, and solar combined biomass mode.

4.2.1 Solar Heating Model

At the end of the heating period, the intensity of solar radiation matches the heat load of the building and the heating system is switched on in solar heating mode. The data from 01 to 02 March 2022 was selected for analysis and the outdoor climatic conditions and system operation were shown in Fig. 18.
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Figure 18: Operational test data for combined heating systems

During the test period depicted in Fig. 18, the outdoor temperature ranged from −3°C to 10°C and had an average temperature of 6.25°C. The solar radiation intensity attained a maximum of 678 W/m2 and had an average radiation intensity of 467 W/m2. In addition, the indoor temperature varied from 18°C to 23.16°C, with an average temperature of 20.15°C. The solar collector generated 98.27 kW·h of heat throughout the system’s operation.

As shown in Fig. 19, on 01 March, from 11:00 to 15:00, the temperature and wind speed in both upper and lower vents of the Trombe wall exhibited a gradual increase with time, and reached a maximum of 43.1°C, 25.4°C, 0.44 and 0.45 m/s at 16:00, and the temperature difference between the upper and lower vents reached a maximum of 17.7°C, which indicated that there was a significant temperature gradient within the air layer. This suggests the presence of an obvious temperature gradient inside the air layer of the Trombe wall. Between 3 PM and 7 PM, the temperature and wind speed in the upper and lower vents gradually decreased due to the outdoor temperature lowering and solar radiation intensity weakening. On 02 March, the temperature and wind speed changes in the upper and lower vents of the Trombe wall were similar to those on 01 March. At 3 PM, the temperature and wind speed in the upper and lower vents reached their maximum values of 57.3°C, 37.5°C, 0.53 and 0.47 m/s, respectively. The Trombe wall exhibited a heating capacity of 20.35 kW·h during the testing period.

[image: images]

Figure 19: Trombe wall operation test data

4.2.2 Solar Combined with Biomass Heating Model

When the building heat load exceeds the capacity of solar energy, the system activates the solar combined biomass heating mode. For analysis purposes, data from 08 January to 09 January 2022 has been selected. Fig. 17 shows the outdoor climatic conditions and system operation.

As shown in Fig. 20, the test period recorded an average outdoor temperature of −7.45°C, with maximum solar radiation intensity reaching 363.76 W/m2 and an average radiation intensity of 225.37 W/m2. The indoor temperature averaged at 20.02°C with minor fluctuations from 18°C to 22°C. When there is insufficient solar energy to heat the room solely, the biomass boiler is activated to consume biomass fuel in order to generate the necessary heat. The solar collector provided 28.26 kW·h of heat for the room, while the biomass boiler provided an additional 66.45 kW·h.

[image: images]

Figure 20: Running experiment data

On 08–09 January 2022, Fig. 21 shows that the upper and lower vents of the Trombe wall were opened at 11:00 and closed at 19:00. Between 12:00 and 15:00 on 08 January, the temperature and wind speed of the upper and lower vents gradually increased. The upper and lower vents’ temperature and wind speed peaked at 40.1°C, 27.4°C, 0.38 and 0.39 m/s at 15:00, with a maximum temperature difference of 15.7°C. Between 3:00 pm and 7:00 pm, the temperature and wind speed in the upper and lower vents gradually decreased due to the outdoor temperature drop and reduced solar radiation intensity. On 09 January, the temperature and wind speed in the lower vents of Trombe wall exhibited a changing trend that was similar to that of 8th January. The highest temperature and wind speed of the upper and lower vents were at their peak, hitting 41.3°C, 30.01°C, 0.43 and 0.41 m/s, respectively, at 3:00 PM. During the test period, the heating capacity of the Trombe wall amounted to 13.62 kW·h. In comparison with the solar heating mode, the capability of the Trombe wall in heating the test building was significantly reduced.

[image: images]

Figure 21: Trombe wall operation test data

4.2.3 Biomass Heating Model

In the event of continuous cloudy, rainy, or snowy weather, rendering solar energy unusable for heating, the active heating system is employed to warm the room. The testing phase spans from the 1st to the 2nd of January 2022, Fig. 22 shows the outdoor climate conditions and the operation of the system.

[image: images]

Figure 22: Test data of the biomass heating system

During the testing period, the figure shows that the mean outdoor temperature was −3.19°C, with a maximum solar radiation intensity of 382.35 W/m2 and an average radiation intensity of 172.68 W/m2. The indoor temperature varied between 18°C and 22°C, with an average temperature of 19.37°C. During system operation, the solar collectors solely received heat, whilst the biomass boiler consumed 24.05 kg of biomass fuel and generated 89.28 kW·h of heat to heat the rooms.

4.3 Analysis of Economic and Environmental Benefits of the System

4.3.1 Analysis of Economic Benefits

The economic efficiency of the system was an important evaluation index, and in this study, the economic efficiency of the combined heating system was analyzed using the levelized heating cost index, which was calculated by the following equation [19]:

LCoH=Io+∑t=1PtCo(1+r)t∑t=1PtQt(1+r)t(4)

Co=PbMb+PeE+CCO2(5)

where: LCoH is the levelized cost of heating, Yuan/kW·h; Io is the initial investment in the system; CO is the operating cost of the system, including its environmental economic cost and fuel cost; r is the discount rate, which is taken as 3% according to the National Bureau of Statistics of China; Pt is the dynamic analysis period; Qt is the energy consumption of the building, kW·h; Pb is the price of biomass fuel, 0.6 Yuan/kW·h; Mb is the consumption of biomass pellet fuel, kg; E is the power consumption of the system, kW·h; and Pe is the electricity price, which is taken as 0.27 Yuan/kW·h.

During the test period, the combined heating system required no additional inputs other than daily operation after the installation was completed, and the initial investment in the combined heating system was 20,908 Yuan with an operating cost of 491.78 Yuan; The initial investment of the coal-fired heating system was 6,280 Yuan and the operating cost was 2,330.21 Yuan. The initial investment and price parameters of the system are shown in Table 6. Assuming that the service life of the system was 20 years, the results could be obtained by calculation as shown in Tables 7 and 8.
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By comparing Tables 7 and 8, the combined heating system was economically better than the coal-fired heating system at the end of 10 years, and the benefits were substantial.

4.3.2 Analysis of Environmental Benefits

In order to analyze the environmental benefits of the combined heating system, this study used TRNSYS to analyze the CO2 emissions of the combined heating system as well as the coal-fired heating system.

As shown in Fig. 23, the CO2 emissions of the coal-fired heating system were more than the combined heating system, and the total CO2 emissions of the combined heating system and the coal-fired heating system during the test period were 1,139.57 and 4,431.82 kg, respectively. The high CO2 emissions of the coal-fired heating system were due to the fact that the coal-fired heating system had a single heat source, low combustion efficiency, and relied on burning coal for heating only.

[image: images]

Figure 23: Comparison of CO2 emissions from coal-fired heating systems and combined heating systems: (a) coal-fired heating systems; (b) combined heating systems

5  Discussion

The distribution of residential areas in rural Southern Xinjiang is relatively scattered, and most of the residential buildings are small single buildings, that cannot realize centralized heating, and most of them use coal-fired boilers for heating. This heating mode has poor heating efficiency and serious environmental pollution, and there is a large waste of energy consumption. In addition, Southern Xinjiang has the advantages of abundant solar energy resources and biomass resources. This study shows that the Trombe wall coupled with a solar collector and biomass boiler as an auxiliary heat source has the advantage of a combined active-passive heating system applied to the rural areas in Southern Xinjiang.

Hei et al. [20] proposed that the greater the intensity of solar radiation, the higher the temperature of the upper vents of the Trombe wall, by monitoring the temperature of the upper vents of the Trombe wall in real-time, suggesting that the change in the temperature of the Trombe wall has a positive correlation effect with the intensity of solar radiation, which was confirmed by the measured results of the present study. Xu et al. [21] suggested that for rural residential solar systems in Xinjiang focusing on heating season use, it is more reasonable to select a collector area with a solar guarantee between 55% and 60%, in terms of energy savings. This is different from the results shown in this paper that the solar energy guarantee of 50% for the required collector area in the Southern Xinjiang region. This is due to the differences in winter temperatures in the Northern and Southern Xinjiang regions, which lead to differences in the required heating loads, and the winter temperatures in the Southern Xinjiang region are higher than the winter temperatures in the Northern Xinjiang region, so the solar energy guarantee rate of the required collector area in this study is slightly lower than the results of the scholar’s study. Li et al. [22] found that the heat supply of the Trombe wall is affected by the thickness of the air layer, which shows a change in general with the inter-air layer firstly increasing and then decreasing, which is consistent with the findings of this study. It is proved that a moderate thickness of the inter-air layer is more favorable for heat transfer for Trombe walls.

Applying the combined active-passive heating system proposed in this study to Southern Xinjiang not only meets the heating demand of the region but also effectively utilizes the local biomass energy source, which realizes the current requirement of “open source and cut down on expenses” for energy consumption. Future research should focus on reducing system costs and developing energy-saving technologies suitable for cold regions.

6  Conclusion

In this study, a combined active-passive heating system was proposed, and the parameters of the heating system were simulated and optimized using simulation software, and a test platform was established based on the simulation results. The test platform was tested for winter heating, and the test results show that:

(1) Based on the aim of maximizing the amount of heat provided to the room via the Trombe wall, it was concluded that the optimal air layer thickness of the wall is 75 mm, the best area for the top ventilation openings is 0.24 m2, and the ideal insulation thickness is 120 mm.

(2) Given the consideration of heating performance and economic viability of the combined heating system, the most ideal collector area for the active heating system in the test room is approximately 28 m2. Additionally, the optimal hot water storage tank volume is 1.4 m3. The flow rate on the collector side of the system should be 800 kg/h, whilst the mass flow rate on the heat exchanger side should be 400 kg/h. In order to achieve the best results, it is advised that the auxiliary heat source should possess an optimal output power of 5~9 kW.

(3) When there is an abundance of solar energy, it is utilized for heating the room. In the test period, the solar collectors supplied 98.27 kW·h of heat, while the Trombe wall provided 20.35 kW·h of heat. When the building’s heating demand surpasses the capacity of solar energy, a combination of biomass and solar energy is used. In the test period, the solar collector provided 28.26 kW·h worth of heat, while the biomass boiler added 66.45 kW·h, and the Trombe wall contributed an additional 13.62 kW·h. When solar energy is not available, the biomass boiler is used to burn biomass fuel and provide heat to the room. During the test period, 24.05 kg of biomass fuel was burned, resulting in the production of 89.28 kW·h of heat. Throughout the entire heating season, the combined heating system provides sufficient heat to meet the building’s heating demand and the indoor temperature is maintained within the range of 18 to 23°C, in compliance with the specified requirements.

(4) Combined heating systems are economically better than coal-fired heating systems after 10 years, with substantial returns; during the heating period, the total CO2 emission of the combined heating system was 1,139.57 kg, and the total CO2 emission of the coal-fired heating system was 4,431.82 kg, so the heating system had a better environmental benefit.
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Table 3: Heating capacity of active heating systems

Collector area/(m?) Solar heating Auxiliary heat source Total heating
capacity/(kW-h) heating capacity/(kW-h) capacity/(kW-h)
20 2112.81 8592.75 10705.56
22 2429.78 8114.00 10543.78
24 2643.25 7783.00 10426.25
26 2826.93 7484.25 10311.18
28 3027.45 7198.00 10225.45
30 3251.84 6912.50 10364.34
32 3433.55 6656.75 10390.30
34 3642.19 6341.75 10401.34
36 3831.56 6053.75 10543.76
38 4048.19 5766.00 10524.37

40 4209.26 5484.50 10578.58
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Table 8: Analysis of the economic benefits of coal-fired heating systems

Year Discount factor  Initial Operating cost ~ Building energy LCoH
investment consumption
1 0.97 6280 2330.210 3983.770 2.210
2 0.94 6280 2260.304 7967.540 1.410
3 0.92 6280 2190.397 11951.310 1.142
4 0.89 6280 2143.793 15935.080 1.009
5 0.86 6280 2073.887 19918.850 0.929
6 0.84 6280 2003.981 23902.620 0.876
7 0.81 6280 1957.376 27886.390 0.838
8 0.79 6280 1887.470 31870.160 0.809
9 0.77 6280 1840.866 35853.930 0.787
10 0.74 6280 1794.262 39837.700 0.770
11 0.72 6280 1724.355 43821.470 0.755
12 0.70 6280 1677.751 47805.240 0.743
13 0.68 6280 1631.147 51789.010 0.733
14 0.66 6280 1584.543 55772.780 0.725
15 0.64 6280 1537.939 59756.550 0.717
16 0.62 6280 1491.334 63740.320 0.711
17 0.61 6280 1444.730 67724.090 0.705
18 0.59 6280 1421.428 71707.860 0.700
19 0.57 6280 1374.824 75691.630 0.695

20 0.55 6280 1328.220 79675.400 0.691
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Table 4: Results of orthogonal tests

Mass flow rate Mass flow rate Heat gain from  Mass flow rate Mass flow rate Heat gain

on the collector  on the heat water tank/ on the collector  on the heat from water

side/(kg/h) exchange (kW-h) side/(kg/h) exchange tank/(kW-h)
side/(kg/h) side/(kg/h)

200 200 542.38 600 200 546.20

200 400 529.64 600 400 559.95

200 600 529.33 600 600 556.12

200 800 525.56 600 800 556.18

200 1000 525.12 600 1000 560.25

400 200 558.39 800 200 546.62

400 400 550.70 800 400 571.21

400 600 538.73 800 600 565.38

400 800 551.28 800 800 558.37

400 1000 552.09 800 1000 556.86
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Table 7: Analysis of the economic benefits of combined heating systems

Year Discount factor  Initial Operating cost ~ Building energy LCoH
investment consumption
1 0.97 20980 491.780 3983.770 5.225
2 0.94 20980 477.027 7967.540 2.881
3 0.92 20980 462.273 11951.310 1.984
4 0.89 20980 452.438 15935.080 1.539
5 0.86 20980 437.684 19918.850 1.273
6 0.84 20980 422.931 23902.620 1.095
7 0.81 20980 413.095 27886.390 0.969
8 0.79 20980 398.342 31870.160 0.874
9 0.77 20980 388.506 35853.930 0.799
10 0.74 20980 378.671 39837.700 0.741
11 0.72 20980 363.917 43821.470 0.693
12 0.70 20980 354.082 47805.240 0.653
13 0.68 20980 344.246 51789.010 0.619
14 0.66 20980 334.410 55772.780 0.590
15 0.64 20980 324.575 59756.550 0.565
16 0.62 20980 314.739 63740.320 0.543
17 0.61 20980 304.904 67724.090 0.524
18 0.59 20980 299.986 71707.860 0.506
19 0.57 20980 290.150 75691.630 0.491

20 0.55 20980 280.315 79675.400 0.478
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Table 1: Building envelope parameters

Envelope structure parts

Tectonic level Heat transfer coefficient/(W/m?-K)

Roof
Exterior wall
Ground
Window
Door

Reinforced concrete (120 mm) 2.7
Fired perforated brick (370 mm) 2.3
Fine aggregate concrete 2.7
Sheet glass 5.7
Solid wood door 3.5
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Table 6: Price parameters of the heating system

Price parameters Unit

Solar collector Yuan/m* 240
Biomass boilers Yuan 9500
Underfloor heating installation costs Yuan/m* 20
Hot water storage tank Yuan 3000
Coal burning boiler Yuan 4000
Coals Yuan/kg 1.1
Biomass Yuan/kg 0.6
Project cycle Year 20

Base discount rate 3%
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Table 2: Physical parameters of materials in Trombe walls

Material name Density/ Thermal Specific heat Absorption
(kg/m?) conductivity/ capacity/ coefticient/
(W/m-K) (J/kg-K) (1/m)
Three-layer insulating glass 2500 0.0513 840 38.56
Brick wall 1800 0.81 880 0.7
Extruded polystyrene board 50 0.035 2100 0.7
Air 1.184 0.0242 1006.43 0
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Table 5: Comparison of the relative error RE of the simulated and measured values

Test content Maximum error Minimum error  Average error
200 7.80% 0.91% 3.45%
200 4.38% 0.57% 2.45%
400 12.45% 4.38% 9.38%
400 11.75% 0.37% 7.38%

500 13.57% 3.76% 7.39%
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