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The application of energy storage technology can solve the problems of randomness and volatility in the development and use of renewable energy, such as wind and solar energy, and effectively improve energy utilization. Rock heat storage is one of the primary forms of sensible heat storage. The heat storage efficiency and heat storage capacity of rock packed bed are important indicators to measure the energy storage effect of a rock energy storage system. This paper takes CO2 as the heat-carrying medium and broken granite grains as the packed bed matrix of the energy storage system. It establishes a porous medium thermal-hydraulic-mechanical coupling model of the broken rock bed. The heat injection and production process of the large-sized rock bed heat storage system is simulated using the COMSOL finite element software, and the heat storage efficiency and heat storage capacity of the broken rock bed is analyzed under different fluid injection pressures and injection temperatures. The results show that: 1) With the increase of CO2 injection pressure, the heat storage and heat production speed of the heat storage system will increase, and the heat storage rate changes from two stages of “low rise - slow decline” to four stages of “rapid increase—stability—rapid decrease—stability”; 2) With the increase of CO2 injection temperature, the maximum heat storage capacity of the rock bed heat storage system will increase. Due to the increase in the temperature gradient between CO2 and the rock bed, the heat storage and the heat production time of the heat storage system will increase, and its speed will decrease.
Keywords: heat storage system, rock packed bed, thermal hydraulic mechanical couple, heat storage efficiency, heat storage capacity
1 INTRODUCTION
To achieve the strategic goal of “carbon peaking and carbon neutralization,” the development and utilization of renewable energy have become the top priority of China’s energy strategy. With the rapid development of renewable clean energy, wind and solar energy have become relatively mature and large-scale used renewable clean energy. The number and scale of installed power generation using them have increased year by year. However, wind power generation and solar power generation are not stable enough due to the influence of seasons and the duration of sunshine, which has caused the phenomenon of large-scale “wind abandonment” and “sunshine abandonment” (Ha and Saha, 2004; Piwko et al., 2009). The key to solving the problem of “wind abandonment” and “light abandonment” is to solve the randomness and volatility of wind and solar power generation. Establishing large-scale energy storage systems can effectively solve this problem (Li et al., 2016). Rock is an ideal medium for heat storage with the advantages of low cost, a wide range of sources, and a large heat exchange area. The study of rock heat storage is important for solar energy storage, wind/photovoltaic grid-connected operation, and deep peaking of thermoelectric units (Liu et al., 2018).
Scholars have conducted numerous researches on rock packed bed seepage and heat transfer characteristics. BU (BU, 2012), Wang, M. L. (Wang et al., 1992) conducted seepage experiments on broken rock mass and studied the relationship between the permeability coefficient of broken rock mass and its state of pressure and porosity. Yang Wei (YANG et al., 2015) deduced the pressure field distribution law of one-dimensional steady gas seepage based on the gas permeability test of broken sandstone under pressure, and concluded that the degree of rock fragmentation is non-regular under different axial stresses, and the higher the degree of fragmentation, the lower the gas permeability. Markevich (Markevich and Cecilio 2015) measured the stability of the seepage process by varying the diameter, size, and proportion of the broken rock grains separately, calculated the Reynolds number of the packed structure, and analyzed its turbulent flow state. SHANG (SHANG, 2017) obtained the variation of seepage parameters of the broken coal rock mass under different surrounding pressures based on the triaxial seepage experiment by numerical simulation. Schumann (SCHUMANN, 1929) proposed an analytical method for solving the thermal interaction problem between a flowing fluid and a porous medium. Furnas (FURNAS, 1930) proposed that rock can be used as an ideal heat storage material for packed bed and then conducted a heat-transfer experiment on the heat-transfer flow characteristics of the packed bed. It was proposed that the effective heat-transfer coefficient increases with the increase of fluid flow when the heat-transfer fluid flows through a packed bed filled with broken solids. Ergun (ERGUN, 1952) and Allen (ALLEN et al., 2013; ALLEN et al., 2014) found that the shape and arrangement of the grains affect the heat transfer in the packed bed by influencing heat radiation, heat convection, and axial heat conductivity in the packed bed. Zavattoni (Zavattoni et al., 2011) analyzed the influence of axial porosity distribution or thickness effect of packing on overall heat transfer through numerical simulation.
Scholars have also conducted much research on the mechanistic aspects of thermal-hydraulic-mechanical coupling in rock. Terzaghi (TERZAGHI, 1943) first proposed the hydraulic-mechanical coupling problem and the consolidation theory of soil, and built the basic theoretical framework for the hydraulic-mechanical coupling problem. Biot (BIOT, 1941; BIOT, 1954) proposed the three-dimensional consolidation theory and extended it to the dynamic analysis of anisotropic porous media. Savage (SAVAGE and BRADDOCK, 1982) proposed the generalized Biot theory, which mainly applies to elastic and isotropic media. Chen (CHEN and TEUFEL, 1997) established a dual pore fluid flow model based on Biot theory and proposed that the critical coupling factor is the pore volume variation of the matrix, fracture, and dual continuum and the relevant effective stress law. Vaziri (VAZIRI, 1988) deduced the theoretical expressions based on the elastic and thermal properties of multiphase soil system, and developed a set of finite element programs to meet the complex three-field coupling under the specified displacement and fluid pressure conditions. Tortike (TORTIKE and ALI, 1987; TORTIKE and ALI, 1991) established a three-dimensional thermal-hydraulic-mechanical coupling mathematical model of an elasto-plastic rock mass and conducted numerical simulation research, which concluded that the geomechanical response depends mainly on temperature variation, pressure variation, and local material response. Gatmiri (GATMIRI and DELAGE, 1997) proposed the concept of thermal porosity state surface, including the influence of thermal effect and stress state on volume change, and proposed a fully thermal-hydraulic-mechanical coupling theory for saturated porous media. Currently, most of the research on the thermal-hydraulic-mechanical coupling mechanism of rock is based on Terzaghi’s effective stress principle and Biot’s three-dimensional soil consolidation theory.
CO2 as a heat transfer fluid has certain thermophysical and chemical properties (Li and Dai, 2014), is more chemically stable than water, is a weak solvent for rock minerals, has very low corrosion, and has lower viscosity and better fluidity (Pruess, 2008; Atrens et al., 2010). In 2000, Brown first proposed the use of supercritical CO2 as a heat transfer fluid in enhanced geothermal systems (Brown, 2000; Pruess, 2006). And the use of CO2 for fluid loss during heat storage and recovery can indirectly achieve the purpose of sequestering CO2. At present, CO2 has achieved good results in oil drive (Leena, 2008), fracturing (WANG et al., 2020) and drilling (SHEN et al., 2010), and most of the research as heat transfer fluid is focused on geothermal extraction (WU et al., 2021), but there is less research in using CO2 for heat storage.
In this paper, based on the above theory and mechanism research, aiming at the law of rock mass deformation, fluid flow, and heat transfer in the process of heat injection, a thermal-hydraulic-mechanical coupling mathematical model describing the energy storage process of the rock packed bed is established. The heat injection and production process of the rock bed heat storage system is simulated using COMSOL finite element software, and the effect of fluid injection pressure and temperature on the heat storage capacity and heat storage efficiency of the heat storage system is studied.
2 ROCK BED HEAT STORAGE SYSTEM AND EXPERIMENT
During heat injection and production, the heat-carrying gas flows through the rock packed bed and exchanges heat with the rock. The stress and strain of the rock changes due to thermal expansion, which changes the pore structure of the packed bed, thus affecting the gas seepage movement. The change of the gas seepage also affects the convective heat exchange between rock and gas. At the same time, the change in gas temperature will change its density, viscosity, and other properties, affecting the gas seepage movement. The gas pore pressure will also change, affecting the stress-strain structure of the packed bed. Therefore, in the process of heat injection and production of rock bed, the seepage movement of heat-carrying gas, rock deformation, and heat transfer involves the mutual coupling of the hydraulic field, mechanical field, and thermal field.
The schematic diagram of the experimental system is shown in Figure 1. The heat storage tank is filled with broken granite grains to form a rock packed bed, and axial pressure is applied to the packed bed to maintain a certain energy storage density. In the heat injection experiment, the gas is injected into the storage tank through the heating device, and the high-temperature gas exchanges heat with the rock packed bed, and the heat is stored in the rock packed bed. In the heat production experiment, the low-temperature gas is injected directly into the storage tank, and the heat is extracted from the rock packed bed through heat exchange. Four temperature sensors are set inside the heat storage tank to record the axial temperature distribution inside the bed during the heat injection and production.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental system.
Air and CO2 are used as heat-carrying gases, respectively. Figure 2 shows the temperature changes at each measuring point in the heat storage tank in the two groups of heat injection experiments. It can be seen that when CO2 is used as heat-carrying gas, the temperature at T1 of the broken rock packed bed starts to increase within 0.5 h of heat injection. At 0.5 h of heat injection, the temperature at T2 also starts to increase, and the temperature at T3 and T4 starts to increase at 1.5 h. At 5 h of heat injection, the temperature difference at T1 of the broken rock packed bed reached about 20°C, and it also increased by nearly 10°C at the bottom T4. When air was used as the heat-carrying gas, the temperature at T1 and T2 of the broken rock packed bed changed at 1 h of heat injection, and at 3 h of heat injection, the temperature at T3 and T4 of the broken rock packed bed started to change. At 5 h of heat injection, the temperature difference at T1 of the broken rock packed bed is about 5°C, and the temperature difference at T4 is less than 1°C. It indicates that the heat-carrying capacity of CO2 is much larger than air under the same conditions. Therefore, using CO2 as the heat-carrying medium in heat injection and production is more appropriate.
[image: Figure 2]FIGURE 2 | Temperature change of each measuring point in heat injection experiments through different heat-carrying gas (A) Air (B) Carbon dioxide.
3 MODEL ESTABLISHMENT AND SOLUTION
3.1 Governing equations of thermal hydraulic mechanical coupling theory
The mutual coupling relationship of the temperature field, hydraulic field, and mechanical field involved in the heat storage system’s heat injection and production process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Thermal-hydraulic-mechanical coupling in the heat storage system.
The coupling between the three fields of THM is realized through the seepage motion of heat-carrying fluid, the deformation of broken rock, and the heat transfer between fluid and solid. Therefore, the governing equations of each physical field should be determined first.
3.1.1 Deformation governing equation for pore media
According to the Terzaghi principle of effective stress (TERZAGHI, 1943), the stress of rock mass is:
[image: image]
where: [image: image] and [image: image] are the total stress tensor and effective stress tensor, respectively; [image: image] is the Biot coefficient; [image: image] is the pore-fluid pressure; [image: image] is the Kronecker constant.
The relationship between effective stress and strain affected by temperature effect is (BIOT, 1954):
[image: image]
where: [image: image] is the shear modulus of elasticity; [image: image] is the lame constant; [image: image] is the bulk modulus; [image: image] is the strain tensor; [image: image] is the bulk strain; [image: image] is the coefficient of thermal expansion.
The relationship between stress and strain affected by temperature effect and fluid pressure is as follows:
[image: image]
The relationship between displacement and strain under small deformation, and deformation geometry equation is:
[image: image]
[image: image]
without considering the inertial force effect, the equation of conservation of momentum is:
[image: image]
Through combination with Formula 3, 4, 5, 6, the stress field governing equation considering temperature, pressure, and displacement is obtained:
[image: image]
where: [image: image] is the displacement component; [image: image] is the volume force component.
3.1.2 Seepage governing equation for pore media
According to the law of conservation of mass, the fluid flow governing equation of porous media can be expressed as:
[image: image]
where: [image: image] is the fluid density (kg/m3); [image: image] is seepage velocity (m/s); [image: image] is the porosity of porous media; [image: image] is the source (sink) item.
Since the fluid flow in porous media does not conform to Darcy flow, the Erugun non-Darcy flow permeability model equation was used (AKGIRAY and SAATCL, 2001):
[image: image]
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where: [image: image] is the permeability (m2); [image: image] is the dynamic viscosity of the fluid (Pa [image: image] s); [image: image] is the Forchheimer parameter; [image: image] is the pore-fluid pressure; [image: image] is the effective (average) particle size of porous media; [image: image] is porosity
Substitute Formula 9 into Formula 8 to get:
[image: image]
3.1.3 Heat transfer and convection governing equation for pore media
Fourier heat conduction considering seepage can be expressed as:
[image: image]
where: [image: image] is the heat flux (W/m2); [image: image] is the coefficient of thermal conductivity (W/(m [image: image] K)); [image: image] is the specific heat capacity of CO2 (J/(kg [image: image] K)).
The heat generated during the deformation of the porous media matrix is (JIANG, 2011):
[image: image]
where: [image: image] is the coefficient of thermal expansion.
The heat energy conservation equation of convection and heat conduction in porous media can be expressed as:
[image: image]
where: [image: image] is the gas thermal conductivity (W/(kg [image: image] K)).
Considering the heat exchange between gas and rock, it is assumed that the heat equilibrium is maintained between the gas and the rock, and the thermal equilibrium equation is:
[image: image]
where: [image: image] is rock density (kg/m3); [image: image] is rock specific heat capacity (J/(kg [image: image] K)); [image: image] is rock thermal conductivity (W/(m [image: image] K)); [image: image] is rock temperature (K).
Combined with 15, 16, the heat transfer control equation of porous media is obtained as follows:
[image: image]
3.2 Model solving and verification
In order to verify the correctness of the model, the previously completed laboratory experiment (Wu et al., 2022) was set as a reference, the geometric model with the same size as the experiment was established, and the boundary conditions and related parameters with the same conditions were set.
Figure 4 shows the geometric model and the selected measuring point position. The model size is set to be consistent with the size of the heat storage tank in the experiment (150 mm × 350 mm). 3 mm wide fluid inlet and fluid outlet are set at the center of the upper and lower boundaries of the model. The model is solved by COMSOL Multiphysics software. The solution modules include the solid mechanics module under the structural mechanics branch, the free and porous media flow module and the porous media heat transfer module. The location of the measuring points corresponded to the location of the temperature sensors placed in the heat storage tank in the experiment.
[image: Figure 4]FIGURE 4 | Geometric model and the selected measuring point position.
Mechanical field boundary conditions: axial force is applied to the upper boundary of the model, and the rest of the boundaries are set as fixed boundaries to limit the boundary displacement.
Hydraulic field boundary conditions: The model’s fluid inlet boundary and fluid outlet are set as the inflow and outflow boundary, respectively. The rest of the boundary is set as the zero flux boundary.
Thermal field boundary conditions: the inlet boundary is set as the temperature boundary, the outlet boundary is set as the outflow boundary, and the rest are thermally insulated.
After reading the relevant literature (Shu et al., 2020; Dong et al., 2021), the thermophysical parameters of CO2 and rock mass are determined, and the relevant parameters in the model are shown in Table 1. The temperature distribution in the model after different times of heat injection and production is shown in Figure 5. It can be seen that the high-temperature region in the heat storage system gradually increases with the increase of heat injection time. When the heat injection proceeds to 18,000 s, the heat storage system is divided into three regions: high, medium, and low temperature. After 18,000 s, the heat production starts, the high-temperature region of the heat storage system gradually moves down, and the low-temperature region gradually occupies the entrance region and expands.
TABLE 1 | Related parameters in model.
[image: Table 1][image: Figure 5]FIGURE 5 | Temperature distribution in the model during heat injection and production at different times (A) 0 s (B) 7200 s (C) 14000 s (D) 18000 s (E) 21600 s (F) 25200 s (G) 32400 s (H) 36000 s.
The calculation results were compared with the experimental results to verify the correctness of the model. Figures 6A, B shows the temperature variation curves with time at each measuring point during the heat injection process obtained from the model and experimental calculations. By comparing the two plots, it can be seen that the range and trend of temperature variation at each measuring point calculated by the model are in general agreement with those obtained from the experiment. In the 3 h heat injection process, the temperature at T1 increases first in the experiment and simulation, but the experimental curve increases at about 0.5 h after the heat injection experiment starts. It is considered that after the start of the heat injection experiment, the gas needs to pass through a long pipeline to reach the heat storage tank through the heating equipment, and it takes some time for the gas to heat the pipeline. With the heat transferred to the lower part of the heat storage tank, the temperature at T2, T3, and T4 also started to increase, and the range and trend of the simulated and experimental curves were basically the same in the following 2.5 h. After the heat injection experiment, the experimental pipeline is reconnected to conduct the heat production experiment, and the time without gas injection is about 10 min. It is the reason why the experimental curve appeared to fall first and then rise, while the simulation was only set to stop for 10 min, so the curve did not fluctuate. In the following heat production, the temperature at T1 of both the simulative and experimental curves dropped sharply, and the temperature at T2, T3, and T4 increased first and then decreased. The curves of T1 intersected with the curves of T2, T3, and T4, and the declining process of T2 also intersected with the rising T3 and T4 curves, respectively.
[image: Figure 6]FIGURE 6 | Temperature curve and comparison of measuring points in experiment and simulation (A) Experimental result (B) Simulative result (C) Comparison of temperature at T1.
The temperature change at measurement point T1 during 5 h of heat injection was taken for detailed numerical comparison, as shown in Figure 6C. It can be seen that the process of heating the gas flow line at the beginning of the experiment has a slight effect on the temperature increase of the packed bed. However, the temperature change in the middle period is in good agreement with the simulated temperature curve. The fluctuation of the experimental curve in the later period is because the gas flow is too fast during the experiment, and the actual outlet temperature of the heating equipment does not reach the set temperature, causing the gas temperature at the inlet of the heat storage tank to fluctuate. The temperature of the measuring points in the experiment and simulation are in general agreement in terms of value, change range and change trend, which fully demonstrates the correctness of the model.
4 SIMULATION OF ROCK BED HEAT STORAGE SYSTEM
4.1 Numerical model and simulation scheme
The geometric model is shown in Figure 7. The plane model is a rectangular interface with a length of 100 m, a width of 50 m, and a thickness of 5 m (z-direction). The blue line segment on the model’s left side is the injection port, and the red line segment on the right side is the flow outlet, both of which are set to 1 m. The model is solved by COMSOL Multiphysics software. The solution modules include the structural mechanics module, the groundwater flow module, and the heat transfer module. According to the previous introduction, it is known that the operation of the heat storage system is to “cut the peak and compensate the valley,” which is mainly divided into the heat injection stage and the heat production stage. Therefore, in order to study the thermal-hydraulic-mechanical coupling law in different stages, the heat injection and production processes are simulated separately.
[image: Figure 7]FIGURE 7 | Geometric model of large-sized heat storage system.
In this model, an axial load is applied to the upper boundary, and the rest boundaries are set as fixed boundaries. For heat transfer, all boundaries are insulated except for the inflow and outlet. The physical and mechanical parameters of the rock bed and fluid in the model are shown in Table 1.
The outlet of the model is connected to the atmosphere, and the outlet pressure is 1 atm. The initial temperature of the rock bed heat storage system is set to 20°C. It is assumed that the heat storage system operates continuously 24 h a day, and the system operates for 360 days as a cycle. In the spring and summer of the peak electricity abandonment period, the electricity is converted into thermal energy storage, and the heat is injected for 180 days at a temperature of 200°C. In the autumn and winter of the peak electricity consumption period, the stored heat energy is produced and converted into electricity again. The heat is produced for 180 days at a temperature of 10°C.
The numerical simulation scheme is shown in Table 2.
TABLE 2 | Numerical simulation scheme.
[image: Table 2]4.2 The influence of CO2 injection pressure on the heat storage capacity of rock bed
As shown in Figure 8, the heat storage capacity of the rock bed heat storage system at 1–4 MPa CO2 injection pressure changes with the heat injection time. It can be seen from the figure that the heat storage capacity increases gradually with the increase of injection pressure during the same 180 days of injection time, but its growth rate is different at different injection pressures. 1 MPa has the lowest growth rate, and at the 180th day of heat injection, the heat storage capacity of the system differs from other injection pressures by nearly 3 MW·h. When the fluid injection temperature is the same, the time for the system to reach temperature equilibrium is different under different injection pressures. The higher the injection pressure, the shorter the time for the rock bed to reach temperature equilibrium. It is because the heat-carrying capacity of CO2 increases with the increase of injection pressure. Without considering the amount of CO2 injected, higher injection pressure will reduce the time to reach the overall heat equilibrium of the rock bed heat storage system. However, in practical projects, in order to meet the demand for economic benefits, it is necessary to select appropriate injection pressure to avoid energy waste. In this model, 2 MPa is the appropriate injection pressure.
[image: Figure 8]FIGURE 8 | The change of rock bed heat storage with time under different CO2 injection pressures.
Under the same injection pressure, the change of the heat storage capacity can be roughly divided into four stages, namely, “rapid increase—stability—rapid decrease—stability.” 1 MPa injection pressure has only two stages, “slowly increase and slowly decrease,” without a stable stage. In the actual operation of the heat storage system, it can be divided into two modes: low injection pressure and high injection pressure. Although the total amount of heat storage is lower at low injection pressure, the heat input and output are relatively smooth. Under high injection pressure, the operation mode of the rock bed heat storage system can be set to four stages “heat storage—heat preservation—heat extraction—shutdown.” Choosing different operation modes according to different needs to achieve the purpose of economic operation.
Figures 9, 10 show the temperature distribution nephogram of the rock bed when the heat storage system operates for 45 days, 135 days, 225 days, and 315 days under the injection pressure of 1 MPa–4 MPa, respectively. It can be seen that after increasing the injection pressure of CO2, the diffusion rate of the high-temperature region becomes faster. At 1 MPa injection pressure, there is still nearly half of the initial-temperature region in the rock bed at 45 days of injection time, while at 2 MPa injection pressure, the temperature of nearly 1/2 of the region is already above 400 K for the same injection time. When the injection pressure is increased to 3 MPa, the high-temperature region has grown to 2/3, and at an injection pressure of 4 MPa, the rock bed has roughly reached temperature equilibrium. Similarly, when the rock bed heat storage system was in operation for 225 days, i.e., 45 days of heat production, the temperature nephogram shows a “saddle” distribution at 1 MPa injection pressure, with the left injection region and the right wall region being the low-temperature regions, and the middle region of the bed still having a higher temperature. With the increase of injection pressure, the cold fluid pushes the high-temperature region towards the outlet direction at the same heat production time. The rock bed is divided into three regions: high-temperature region, low-temperature region and thermocline. When the heat storage system operates for 315 days, the temperature of the rock bed basically decreases to 300 K at 2–4 MPa injection pressure, and the heat production process basically ends. In practical engineering, the design of the heat storage system can be optimized to extract the heat in the upper right region.
[image: Figure 9]FIGURE 9 | Temperature distribution of the system during heat injection at different injection pressures.
[image: Figure 10]FIGURE 10 | Temperature distribution of the system during heat production at different injection pressures.
4.3 The influence of CO2 injection temperature on the heat storage capacity of rock bed
Figure 11 shows the variation of the heat storage capacity of the rock bed heat storage system with the heat injection time at different CO2 injection temperatures under 2 MPa injection pressure. It can be seen that, in the same 180-day heat injection time, the heat energy storage capacity gradually increases with the increase of injection temperature. The trend of the heat energy storage curve of the rock bed under different injection temperatures is roughly the same during the 180-day heat injection process, rising steadily first, reaching the upper limit of the heat energy storage capacity, and then entering the stable stage. In the 180-day heat production time, it is smoothly decreasing first and slowly decreases at last.
[image: Figure 11]FIGURE 11 | The change of rock bed heat storage with time under different CO2 injection temperatures.
At the injection temperature of 373 K, the heat storage system basically reaches saturation at 90 days of heat injection, and the maximum heat storage capacity is 2 MW·h; at the injection temperature of 473 K, the rock bed heat storage system also basically reaches saturation at 90 days, and the maximum heat storage capacity is 8 MW·h; when the injection temperature is 573 K, the increase rate of heat storage capacity in the heat storage system starts to slow down at 150 days, and the maximum heat storage is about 18 MW·h. The above results are due to the fact that increasing the injection temperature increases the temperature gradient between CO2 and the rock bed, which increases the time to reach heat equilibrium in the rock bed, and the stored heat increases simultaneously. In the actual heat storage system, it is necessary to choose a suitable injection temperature according to the injection pressure, which can reduce the time of heat storage of the whole system on the one hand, and avoid the waste of heat-carrying gas on the other hand, so as to achieve the maximum economic benefit.
Figures 12, 13 show the temperature distribution nephograms of the rock bed heat storage system with injection temperatures of 373 K, 473 K, and 573 K at 45 and 90 days of heat injection and 45 and 90 days of heat production, respectively. It can be seen that the proportion of the high-temperature region decreases with the increase of the injection temperature in the same heat injection time. It is because the increase in injection temperature increases the temperature gradient between CO2 and rock increase, which increases the time for the rock bed to reach heat equilibrium. In the same heat production time, because the heat production gas temperature is the same, the difference in temperature nephogram is related to the highest temperature reached in heat injection. The bulge direction of the low-temperature region during heat production is basically the same as that during heat injection when using low heat injection temperature. In contrast, at high heat injection temperature, the bulge direction of the low-temperature region during heat production tends to the right wall, which is especially obvious on the 45th day of heat production at 473 K and 573 K. It is because the increase of heat injection temperature increases the temperature gradient between CO2 and rock, thus increasing the thermal strain of rock and the deformation of the rock bed under thermal action, which leads to the change of the gas flow direction during heat production.
[image: Figure 12]FIGURE 12 | Temperature distribution of the system during heat injection at different injection temperatures.
[image: Figure 13]FIGURE 13 | Temperature distribution of the system during heat production at different injection temperatures.
5 CONCLUSION
In this paper, a thermal-hydraulic-mechanical coupling model of porous media for broken rock bed is established, and the correctness of the model is verified by comparing it with an experiment. This paper simulated the heat injection and production process of a large-sized rock bed heat storage system, analyzed the influence of CO2 injection pressure and temperature on the heat storage efficiency and heat storage capacity of broken rock bed, respectively, and obtained the following conclusions:
(1) A porous media model was established based on the control equations of porous media deformation, seepage and heat transfer, and the heat injection and production process under the actual experimental condition was simulated. The numerical values and trends obtained from the simulation and experiment are in good agreement, which is of great significance for the simulation and analysis applicable to the field conditions and large-sized rock bed heat storage system.
(2) Using the thermal-hydraulic-mechanical coupling model to simulate the heat injection and production process of a large-sized rock bed thermal storage system. The results show that, with the increase of CO2 injection pressure, the time for the rock bed to reach the maximum heat storage capacity during heat injection decreases, and the time for heat production of the heat storage system also decreases. When the injection temperature is certain, the maximum heat storage capacity of the rock bed heat storage system is also certain. With the increase in CO2 injection temperature, the maximum heat storage capacity of the rock bed heat storage system increases, but the temperature gradient between CO2 and the rock bed increases, leading to an increase in heat injection and heat production time.
(3) When the CO2 injection pressure is low, the input and output of heat storage in the rock bed are relatively smooth, and the heat storage capacity only has two stages of “slow rise—slow fall,” so the heat storage system can be designed to operate in two stages of “heat storage—heat production” all year round, and the problem of low heat storage capacity can be solved by increasing the CO2 injection temperature. When the CO2 injection pressure is high, the heat storage capacity of the heat storage system has four stages “rapid increase—stability—rapid decrease—stability”. So under higher injection pressure, the operation mode of the rock bed heat storage system can be changed to “heat storage—heat preservation—heat production—shutdown”. Therefore, it is possible to choose different operation modes according to the actual demand to achieve the purpose of economic operation.
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