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Introduction: Solar resources are rich in north China and however, solar thermal energy has little contribution to space heating due to the intermittency and instability as well as the lack of seasonal energy storage technology. Although underground thermal energy storage (UTES) can solve the above problems effectively, the existing UTES systems either have low energy storage density and recovery efficiency or have high construction cost.Methods: Inspired by the enhanced geothermal system (EGS), here a novel scheme of storing high temperature thermal energy into the shallow depth EGS (SDEGS) is proposed. Thermal energy is stored into SDEGS during the non-heating season and is extracted for space heating during the heating season.Results: The results show the thermal performance of SDEGS always remains stable due to continuous thermal energy injection, and its thermal recovery efficiency is always greater than 90% by storing thermal energy into the tight rocks and circumventing the formation of the natural convection.Discussion: SDEGS can be constructed in the shallow buried depth rocks having a low requirement about temperature, largely reducing project cost and risk and widening the application range.Keywords: shallow depth enhanced geothermal system, underground thermal energy storage, seasonal thermal energy storage, geothermal space heating, solar thermal energy storage
1 INTRODUCTION
The total district heating area reached to 122.66 × 108 m2 in China till 2020 (Wang et al., 2023), and more than 80% utilized coal-based fuel (Han et al., 2022), consuming enormous amounts of energy and releasing vast quantities of fossil carbon into the atmosphere (Wu et al., 2022). Therefore, it is imperative to utilize renewable energy for space heating (Yu et al., 2014; Su et al., 2019).
Solar energy resources are very rich in North China and the average annual radiation is between 930 and 2,330 kWh/m2 (Li et al., 2022), having great potential for space heating (163, 2024). However, the total space heating area provided by solar energy in China was only 16.50 × 106 m2 up to 2020 due to its instability and intermittency (Rosato et al., 2020), While seasonal thermal energy storage (STES) can overcome the above problems (Yang et al., 2021). Apart from that, STES can take full advantage of solar energy in summer with higher solar radiation (Shah et al., 2018). Underground thermal energy storage (UTES) has been generally acknowledged as the most promising STES technology (Lim et al., 2020). UTES can be sorted into four types ① aquifer thermal energy storage (ATES) (Nilsson and Rohdin, 2019), ② borehole thermal energy storage (BTES) (Fong et al., 2019), ③ tank thermal energy storage (TTES) (Sanner and Knoblich, 1999) and ④ pit thermal energy storage (PTES) (Schmidt et al., 2018). For low temperature ATES (LT-ATES), the temperature of injection water cannot exceed 25°C–30°C (Wesselink et al., 2018), leading to a low energy storage density (Ueckert and Baumann, 2019). While for high temperature ATES (HT-ATES), the recovery efficiency is usually low due to the high heat loss causing by thermal advection (Schout et al., 2014). BTES has much lower energy storage density and higher drilling costs (Xu et al., 2018). TTES and PTES have higher energy density and however, a main drawback of these systems is the remarkable high construction costs (Dahash et al., 2019). In all, the aforementioned four types UTES have obvious disadvantages, limiting their application in solar space heating area. Therefore, it is quite necessary to explore a more appropriate UTES to store solar energy. The most appropriate UTES storing solar energy should have three characteristics at least ① high energy density, ② low construction cost and ③ high recovery efficiency.
On the basis of HT-ATES, we try to find out a proper way to store solar energy in underground space. The research process and performance as well as advantages and disadvantages of HT-ATES is accordingly reviewed below. Lu et al. (2019) evaluated the global potential of ATES considering socio-economic, geo-hydrological, climate, and groundwater factors and ascertained the potential hotspots for its application. Fleuchaus et al. (2018) evaluated the global application status of ATES by operational statistics, and indicated that there are about 2800 ATES systems in operation worldwide, and 99% are LT-ATES. However, LT-ATES is often incompatible with some renewable technologies due to the low storage temperature. Therefore, this study focuses on the HT-ATES owe to having high storage temperature and high storage capacity. HT-ATES faces various challenges and risks impeding its rapid development and deployment. Considering experiences of HT-ATES projects, Fleuchaus et al. (2020) analysed the risks and revealed the main problems encountered. Kabus et al. (2009) reported the energy balances of HT-ATES in Neubrandenburg, which has a thermal recovery efficiency of 46%. Ueckert and Baumann (2019) presented the test results from HT-ATES in Bavarian Molasse Basin, also revealed the thermal recovery efficiency. Schout et al. (2014) carried out an evaluation of the prime influencing factors to recovery efficiency of HT-ATES systems, and concluded that thermal loss caused by natural convection is one key factor. Also, they concluded that the Ra can be used as an indicator of the relative strength of natural convection. Winterleitner et al. (2018) studied the effect of aquifer heterogeneities on thermal recovery efficiency of HT-ATES, and indicated that thermal energy loss mainly occurs due to heterogeneities in the permeability field. By analyzing the effect of injection temperature on thermal recovery efficiency of HT-ATES, Schout et al. (2016) revealed that the injection temperature has a negative effect on thermal recovery efficiency. To improve the thermal recovery efficiency, Lopik et al. (2016) proposed a new method of restraining free thermal convection by increasing salinity of injection water, which can reduce the density difference between injection water and formation water. The simulation results showed that the thermal recovery efficiency is 0.40 for regular HT-ATES, while it increased to 0.69 for the density difference compensation method. It can be concluded according to the analysis above that HT-ATES is a good way to store solar energy if its thermal recovery efficiency can be improved. The major reason for the low thermal recovery efficiency is attributed to natural convection induced by the temperature difference and density difference and therefore, avoiding or limiting natural convection formation is an effective measure to improve the thermal recovery efficiency.
The reserves of heat in hot dry rock (HDR) with depth of 3–10 km exceed 2.52 × 1025 J in China (Hou et al., 2018; Su et al., 2018). To extract thermal energy from HDR, enhanced geothermal system (EGS) is proposed by forming artificial fractures in the tight rocks and circulating fluid between them. For EGS, the circulation water with low temperature is firstly injected into the artificial fractures, and then the heat stored in the tight rocks transfers to the circulation water. For HT-ATES, forming natural convection is easy due to having natural porous and permeability. While for EGS, the thermal energy is stored in the tight rocks, and thus it is very difficult to cause the generation of natural convection due to having low permeability. Therefore, storing thermal energy into tight rocks can prevent the formation of natural convection and thus can increase thermal recovery efficiency compared with HT-ATES. However, at this stage, EGS has high investment and high risk of induced seismicity as well as location problem due to having high requirement to rock temperature (Olasolo et al., 2016; Lu, 2018).
Some of the above problems faced by conventional EGS can be effectively solved if the artificial reservoir can be created in the shallow depth rocks (Bu et al., 2021). Low temperature of rocks in shallow depth is the disadvantage, while changing the function of EGS from electricity generation to space heating is an effective solution to this problem. Inspired by this, we propose a novel scheme of storing high temperature solar thermal energy into the shallow depth EGS (SDEGS) (Bu et al., 2020; He and Bu, 2020). The artificial reservoir is firstly created in the shallow buried depth rocks, which is called shallow depth EGS. The hot water from solar energy enters into the artificial reservoir and transfers thermal energy to surrounding rocks in the non-heating season, realizing thermal energy storage mainly in the rocks rather than in water. In the heating season, cold water is injected into the artificial reservoir and is heated by hot rocks, realizing thermal energy extraction. For SDEGS, the thermal energy is mainly stored in the tight rocks with low porosity and permeability, and the natural conversion is thus difficult to form, leading to an increase in thermal recovery efficiency. Due to having low requirement to temperature, SDEGS can thus be created in the shallow buried depth rocks (limestone, granite and consolidated sandstone and so on), reducing engineering cost and enlarging application range. Storing thermal energy in SDEGS can solve the intermittency and instability of solar energy, and SDEGS can achieve stable thermal energy output due to thermal energy storage. The main function of SDEGS is to store thermal energy for space heating. The major purpose of this study is to demonstrate the feasibility of SDEGS from the thermal performance standpoint by numerical simulation method.
2 METHODS
2.1 Physical models
The physical model of SDEGS created in the shallow buried depth rocks is showed in Figure 1, and it is composed mainly of artificial reservoir, cold well and hot well. SDEGS can be applied in hot dry zone composed of sandstone, limestone or granite without underground water. The artificial reservoir is created from 880 m to 1,000 m in depth (shallow depth), and it has five layers of fracture with a layer distance of 30 m in vertical direction. To avoid the mutual interference between two layers of fracture, the vertical distance between two layers of fracture should be set to a reasonable value. The horizontal space between cold well and hot well is 150 m. The length, width, and height of the artificial reservoir are 150 m, 40 m, and 120 m, respectively. At the stage of thermal energy storage, hot water from solar vacuum tube heat collector flows firstly into the hot well and releases its heat to the rocks around the fractures in the artificial reservoir and then flows back to solar heat collector again through the cold well (Figure 2). While at the stage of thermal energy extraction, the cold water enters into the cold well and is heated by the rocks around the fractures and then goes back to the surface through the hot well (Figure 2). The density, specific heat, thermal conductivity and geothermal gradient of rock are respectively 2,900 kg/m3, 705 J/kg/K, 4.5 W/m/K and 30 °C/km, and the inner diameters of cold well and hot well are all 163.98 mm.
[image: Figure 1]FIGURE 1 | Physical model of SDEGS.
[image: Figure 2]FIGURE 2 | System diagram of the hybrid heating system of SDEGS and solar energy.
The hybrid heating system of SDEGS and solar energy is shown in Figure 2. Due to having a higher heat collecting efficiency at the temperature range of operation, solar vacuum tube heat collectors are used to generate hot water. To solve the problems of instability and intermittency faced by solar energy, the thermal storage tank on a diurnal basis is constructed on the ground to store short-term heat energy in Figure 2. Once reaching the predetermined temperature, the hot water from the solar vacuum tube heat collectors flows firstly into the storage tank and then it is pumped into the buildings or SDEGS. In non-heating season, valves 3 and 5 are opened and valves 1, 2, 4 and 6 are closed, and the hot water from the storage tank with a temperature of 90°C flows into the hot well and then releases its thermal energy into the SDEGS. In the heating season, valves 1, 2, 4 and 6 are opened and valves 3 and 5 are closed, and the SDEGS and solar energy are combined to provide thermal energy for space heating. The temperatures of supply and return water in the user sides are respectively 40°C and 32°C in the heating season. For the SDEGS, the injection temperature and volume flow rate are respectively 90°C and 50 m3/h in the non-heating season, while they are respectively 10°C and 150 m3/h in the heating season.
2.2 Mathematical models (Huang et al., 2017; Cao et al., 2016)
The assumptions in mathematical model are as follows: (1) the fluid-rock reaction in the artificial reservoir is neglected; (2) the fluid in the artificial reservoir is single-phase flow; (3) the surrounding rocks have uniform porosity and permeability.
2.2.1 Mass conservation equation and momentum equation in the reservoir matrix (rock around the artificial fracture in the artificial reservoir)
The artificial reservoir mainly includes the artificial fracture and the reservoir matrix around the artificial fracture. The reservoir matrix has low porosity and permeability.
Mass conservation equation
[image: image]
Momentum equation (Darcy’s law)
[image: image]
where, [image: image] represents the gravity term.
The porosity and permeability for the reservoir matrix are respectively 0.01 and 10–18 m2.
2.2.2 Continuity equation and momentum equation in the fracture (artificial fracture)
Mass conservation equation
[image: image]
Momentum equation (Darcy’s law)
[image: image]
κf can be calculated by the cubic law equation:
[image: image]
ff is set to 1 in this paper.
The fracture thickness is set at 1 mm in this study. Of course, the fracture thickness can also be set to other values, we only provide a research approach.
2.2.3 Heat transfer model
Heat transfer equations in reservoir matrix and fracture.
The local thermal equilibrium hypothesis is used to describe the heat transfer in reservoir matrix.
[image: image]
Energy conservation equation in fractures is expressed as:
[image: image]
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Energy equation in rock
[image: image]
2.2.4 Flow and heat transfer model in borehole
Line elements are introduced to represent the pipe and grout inside of the borehole.
The momentum and continuity equations for flow in the pipe are given as follows (Barnard et al., 1966):
[image: image]
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The Darcy friction factor fD can be expressed through the Churchill equation (Churchill, 1997):
[image: image]
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The roughness coefficient of steel pipe is set to e = 0.061 mm.
[image: image]
Energy equation (Lurie, 2009):
[image: image]
The second term on the right hand side corresponds to friction heat dissipated due to viscous shear.
[image: image]
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h is given as follow (Gnielinski, 1976).
[image: image]
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2.2.5 Mathematical model for solar vacuum tube heat collectors
The thermal efficiency for the solar vacuum tube heat collector is given below (Li et al., 2016):
[image: image]
G is equal to 750 W/m2 for 7 h per day in non-heating season with external average temperature of 21.2°C, and it is 500 W/m2 for 5 h per day in heating season with external average temperature of 4.6°C in North China (taking the north China plain as an example).
2.2.6 Boundary and initial conditions
The temperature of surrounding rock keeps constant when it is more than 200 m distance from wells and artificial reservoir. The surface temperature is 15°C and geothermal gradient is 30 °C/km, which can be used to calculate the initial rock temperature. The other parameters set for the well are described in Section 2.1.
2.2.7 Solving method and model verification
The above equations are discretized by finite volume method with the implicit scheme, and solved by Python software using algorithm of TDMA (Tri-diagonal matrix algorithm) together with the initial and boundary conditions (Bu et al., 2021; Bu et al., 2020).
Borehole thermal energy storage (BTES) stores thermal energy mainly into rocks and soil, which has the same principle as SDEGS. Xu et al. (2018) analyzed the performance of BTES located in Chifeng, China by experiment. The BTES experiment consists of 468 boreholes (80 m deep single-U tube heat exchanger). In the non-heating season, the circulated water with a temperature of 75°C flows firstly into the BTES system, and then it flows back to surface with a temperature around 50°C after releasing heat to the soil. The average temperature of inlet and outlet water for U tube is 62.5°C. In the heating season, the thermal recovery efficiency is only 16.4% at the inlet water temperature of 51.9°C, while it rises to 65.9% at the inlet water temperature of 25°C, indicating that the thermal recovery efficiency can be improved by reducing the temperature of inlet water. Given the temperature difference of 5°C in the heat exchanger, the actual temperature of water injecting into the U tube heat exchanger is about 30°C, indicating that there is a temperature difference of 27.5°C between the actual temperature of water injecting into the U tube heat exchanger in the heating season and the average temperature of inlet and outlet water for U tube in the non-heating season.
In this study, the artificial reservoir for SDEGS is created at the depth of about 1,000 m with the rock temperature of about 45°C. In the non-heating season, the temperature of inlet and outlet for SDEGS are respectively 90°C and 31°C with an average temperature of 60.5°C. In the heating season, the inlet temperature for SDEGS is only 10°C, having a temperature difference of 50.5°C between the inlet temperature in the heating season and the average temperature of inlet and outlet water in the non-heating season for SDEGS. Compared with the temperature difference of 27.5°C for BTES reported in the reference (Xu et al., 2018), the greater temperature difference means that more thermal energy can be extracted for SDEGS. In addition, the inlet temperature of 10°C is lower than the initial artificial reservoir temperature of about 45°C, signifying that not only solar thermal energy stored into the SDEGD in the non-heating season can be extracted, but part of the thermal energy originally stored in the rocks can also be extracted due to the comparatively low injection temperature, and thus leading to a high thermal recovery efficiency.
For BTES and SDEGS, storing thermal energy into the rocks or extracting thermal energy from the rocks are mainly through the thermal conduction, which can avoid the generation of natural thermal convection and thus improve the thermal recovery efficiency. It should be emphasized that the thermal recovery efficiency can be further improved by decreasing the injection water temperature for both BTES and SDEGS in the heating season.
3 RESULTS AND DISCUSSION
The artificial reservoir for SDEGS is created from 880 m to 1,000 m in depth, and five layers of fracture are constructed with a layer distance of 30 m in vertical direction in order to store as much heat energy as possible in the rocks and avoid the mutual thermal interference, as shown in Figure 1. Due to having a higher heat collecting efficiency at the temperature range of operation, solar vacuum tube heat collectors are selected and a daily thermal storage tank is used to overcome the daily fluctuation and instability of solar energy. Solar thermal energy is firstly stored into the SDEGS during the non-heating season and then it is extracted for space heating during the heating season, as shown in Figure 2.
In Figures 3, 6, the symbols Tin and Tout respectively represent the injection and extraction temperature, Vin stands for the volume flow rate, and P, Q and η denote the thermal power, total heat and thermal recovery efficiency, respectively. From Figures 3, 4, all parameters including Tin, Tout, P, Q, η and the temperature field distribution keep basically stable except for the first year. Before the first non-heating season, the rocks are undisturbed and the average rock temperature in the artificial reservoir remains at about 43°C (316.15K), which is higher than that at the end of other heating season, as shown in Figures 4D–F. As a result, Tout for the first non-heating season is greater than that of other non-heating season due to having a higher rock temperature and a small temperature difference between the hot water and the rocks, thus causing a decrease in P and Q for the first thermal storage stage. Taking the 20th heating season, for example, the yearly average thermal power is 6355.35 kW, which can provide heat for buildings with area of 211,845 m2 if the specific heat load is 30 W/m2.
[image: Figure 3]FIGURE 3 | Thermal performance of SDEGS. (A) Injection and extraction temperature; (B) Thermal power and total heat; (C) Thermal recovery efficiency.
[image: Figure 4]FIGURE 4 | Temperature field distribution around SDEGS (front view). (A) At the beginning of 1st heating season; (B) At the beginning of 10th heating season; (C) At the beginning of 20th heating season; (D) At the end of 1st heating season; (E) At the end of 10th heating season; (F) At the end of 20th heating season.
The thermal recovery efficiency η is defined as the total heat extracted during the heating season divided by the total heat stored during the non-heating season. HT-ATES stores heat energy mainly in the bodies of water, and its thermal recovery efficiency is generally low due to the natural convection induced by density contrasts and higher heat losses to the rocks. While for SDEGS, the thermal energy is stored in the rocks rather in the bodies of water, avoiding the effect of natural convection and thus improving the thermal recovery efficiency. As expected, the thermal recovery efficiency of SDEGS for all heating seasons is greater than 90% as shown in Figure 3C, while it is only 46% for HT-ATES created in Neubrandenburg throughout 3 years of regular operation (Kabus et al., 2009). The working process of storing and extracting thermal energy for SDEGS is described in detail below. During the non-heating season, the water heated by solar energy flows into the artificial reservoir and releases its heat into the rocks around the fractures through convective heat transfer between water and the fracture surface, and then the heat transfers in the rocks from the near-fracture area to the far-fracture area through thermal conduction, realizing thermal energy storage mainly in the rocks rather than in the bodies of water due to the artificial reservoir having a small underground storing space for water storage. During the heating season, the cold water enters into the artificial reservoir and the heat stored in the rocks transfers from the rocks to the cold water due to having temperature difference between the rocks around the fractures and the cold water, completing the heat release process. The process of storing and extracting heating for SDEGS is just like that of spring energy storage and also like a sponge having a high water absorbing and releasing capacity.
Figure 3 shows that Tin, Tout, P, Q and η gradually come to stability with operation time increasing, indicating that SDEGS runs more stable and has a very small performance attenuation for 20 years’ operation under the conditions of constant injection temperature and volume flow rate. Figure 4 demonstrates that the temperature field for the artificial reservoir remains basically unchanged, implying that SDEGS has reached a relatively stable state and can always provide a trustworthy and stable thermal energy throughout its life cycle. The thermal recovery efficiency of SDEGS is always greater than 90% for all heating seasons from Figure 3C, implying that the thermal energy extracted during the heating season is mainly from that stored during the non-heating season. In other words, the thermal performance of SDEGS relies mainly on the thermal energy storage during the non-heating season not on the initial temperature of rocks, indicating that SDEGS can be used for space heating forever and always has a stable thermal output as long as the thermal energy is continually stored into it during the non-heating season. The above analysis also indicates that the artificial reservoir for SDEGS can thus be created in the shallow buried depth rocks without a specific requirement for temperature, thus dramatically reducing the project costs and the risk of hydraulic fracturing as well as widening the range of technology application.
The reason for the high thermal recovery efficiency of SDEGS is briefly analyzed as follows. The thermal influence distance in rocks during the thermal energy storage and extraction stage is firstly determined through the following formula (Alimonti and Soldo, 2016).
[image: image]
where, αS is rock thermal diffusivity, m2/s; τ denotes the operation time, s; LS stands for the thermal influence distance in rocks, m; ρS represents rock density, kg/m3; λS is thermal conductivity of rock, W/(m⋅K).
For the non-heating season with an operation time of 245 days, LS is equal to 13.65 m while it is 9.55 m for the heating season with an operation time of 120 days, thus leading to a loss of the stored thermal energy due to the difference of the thermal influence distance. The thermal recovery efficiency of SDEGS can be further improved if prolonging the extraction heat time during the heating season. The above calculation result also indicates that the vertical distance of 30 m between two layers of fracture is reasonable according to the thermal influence distance. From Figures 4, 5, the thermal influence distance for 20 years’ operation is indeed small. In brief, 10% of the thermal energy collected from solar energy loses in the rocks, which is much smaller than that in HT-ATES. From Figures 4D–F, the temperature of rocks between two layers of fracture at the end of heating season is greater than that at the initial undisturbed state with an average temperature of 43°C, meaning that a few heat stored in the non-heating season cannot be extracted in the heating season. Similarly, the temperature of rocks surrounding the artificial reservoir at the end of heating season from Figures 4D–F and Figure 5B is also greater than the initial undisturbed rock temperature of 43°C, which is the major contributor to the heat loss.
[image: Figure 5]FIGURE 5 | Temperature field distribution around SDEGS (top view). (A) At the beginning of 20th heating season; (B) At the end of 20th heating season.
In Figures 4, 5, the size of artificial reservoirs is described in section 2.1. Show that SDEGS has a stable and sustainable thermal output capacity during the heating season at the constant injection temperature and volume flow rate when solar energy is continuously stored into it during the non-heating season. During the heating season, the combined SDEGS and solar energy heating system is used to provide heat for buildings, as shown in Figure 2. To maintain the stable operation of the combined heating system and to accommodate the changes of building heat load, SDEGS should have not only a stable energy output but also should have a flexible adjustment ability due to the instability and intermittency of solar energy. For this, the adjustment ability of thermal output for SDEGS need to be analyzed.
From Figure 3B, the average total heat during the non-heating season is about 72,531.26 GJ, which needs about 25,000 m2 solar vacuum tube heat collectors to be installed. By means of the storage and adjustment using the storage tank on a diurnal basis, the daily average thermal power for solar energy during the heating season is 1,629.86 kW. SDEGS has the minimal thermal power of 6355.35 kW at the 20th heating season for 20 years’ operation. Taking the 20th heating season as an example, if the heating system is designed according to the heating capacity of 7985.21 kW (6355.35 kW from SDEGS and 1,629.86 kW from solar energy), then the thermal load regulation ability of SDEGS should be higher than the daily average thermal power of solar energy (1,629.86 kW) during the heating season, keeping the heating system stable even if solar energy system does not run for several days. The thermal output capacity of SDEGS can be adjusted by changing the injection temperature and injection volume flow rate during the heating season. Figure 6 shows the adjustment capacity of thermal power for SDEGS. The thermal power of SDEGS during the heating season are respectively 6988.29, 6355.35 and 5805.37 kW at the injection temperature of 5, 10°C and 15°C with a constant volume flow rate of 150 m3/h, and they are respectively 7161.81, 6355.35 and 5291.52 kW at the volume flow rate of 100, 150 and 200 m3/h with a constant injection temperature of 10°C. Compared with the thermal power of 6355.35 kW at the injection temperature of 10°C and volume flow rate of 150 m3/h, the thermal load regulation ability of SDEGS reaches to 632.94 and 806.46 kW respectively by decreasing the injection temperature to 5°C and by increasing the volume flow rate to 200 m3/h. However, the thermal load regulation ability of SDEGS is still less than the daily average thermal power of solar energy (1,629.86 kW). To keep the stable operation of the combined heating system, two measures can be taken to solve the above problem. One is to add an auxiliary heat source with the heat power of about 1,000 kW, and the other is to reduce the heating area. Anyway, the instability and intermittency as well as temporal mismatch faced by solar energy can be effectively solved by storing thermal energy into SDEGS, and the thermal output of the hybrid heating system can also keep stable by adjusting the thermal power of SDEGS or adding an auxiliary heat source with a low thermal power.
[image: Figure 6]FIGURE 6 | The adjustment capacity of thermal power of SDEGS. (A) Variations of injection temperature at a volume flow rate of 150 m3/h; (B) Variations of volume flow rate at an injection temperature of 10°C.
4 CONCLUSION
Solar energy has a considerable space heating potential in China and however, intermittency and instability limit its application. Seasonal thermal energy storage (STES), especially underground thermal energy storage (UTES) can effectively solve the above problems faced by solar energy. Enlightened by the enhanced geothermal system (EGS) creating an artificial reservoir in the high temperature rocks, a novel scheme of storing high temperature solar thermal energy into the shallow depth EGS (SDEGS) is proposed. The following conclusions can be drawn.
(1) The thermal performance of SDEGS always keeps stable for 20 years’ operation due to a continuous solar thermal energy storage into the artificial reservoir during the non-heating season, and its thermal recovery efficiency is greater than 90% all long, implying that the thermal performance of SDEGS relies mainly on the solar thermal energy storage during the non-heating season not on the initial temperature of rocks.
(2) The artificial reservoir for SDEGS can be created in the shallow buried depth rocks without a specific requirement for temperature, thus remarkably reducing the project costs and the risk of hydraulic fracturing as well as widening the range of technology application. Therefore, the hybrid heating system of SDEGS and solar energy is a more appropriate technical route for solar space heating.
(3) To further reduce the project cost and avoid the risk of reservoir creation, the abandoned oil and gas fields can be reused as the artificial reservoir.
SDEGS is suitable for use in carbonate rocks and consolidated sandstones as well as granite, while it is difficult to be applied to unconsolidated sandstones due to the lack of the technology of artificial fracture in these areas.
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GLOSSARY
Ap is the pipe cross section area of the flow channel, (m2)
Cp,f is the fluid heat capacity at constant pressure, J/(kg·K)
Cp,s is the reservoir matrix heat capacity at contant pressure, J/(kg·K)
df is the fracture thickness, m
dh is the hydraulic diameter, m
D is the pipe wall perimeter, m
e is roughness coefficient, m
fD is the Darcy friction factor
ff is roughness factor
F is a volume force term, N/m3
G stands for the solar radiation intensity, W/m2
h is heat transfer coefficient, W/(m2·k)
hext is the heat transfer coefficients of outer wall, W/(m2·k)
hi is the heat transfer coefficients of inner wall, W/(m2·k)
keff is effective thermal conductivity, W/(m·K)
kf is the fluid thermal conductivity, W/(m·K)
kn is the pipe wall thermal conductivity, W/(m·K)
ks is the reservoir matrix thermal conductivity, W/(m·K)
p(Pa) is pressure, Q indicates the heat transfer between the reservoir matrix and fractures, W/m3
Qm is the mass transfer between the reservoir matrix and fractures, kg/(m3·s)
Qw is the heat source term, W/m3
Qwall represents external heat exchange through the pipe wall, W/m
rn is pipe radius, m
Re is Reynolds number
Text is the external temperature outside of the pipe, °C
T0 represents ambient temperature, °C
Tm indicates average outlet and inlet temperature of solar collector, °C
TE denotes thermal efficiency
u is fluid velocities in the reservoir matrix, m/s
uf is the velocity in fractures, m/s
up is the averaged velocity of fluid in pipe, m/s
ρ is the density of the fluid, kg/m3
ρf is the fluid density, kg/m3
ρs is the reservoir matrix density, kg/m3
ε is the porosity of reservoir matrix, εf is the fracture porosity
κ is the permeability of the porous medium, m2
κf is the fracture’s permeability, m2
μ is the fluid’s dynamic viscosity, Pa·s
∇t is the gradient operator restricted to the fracture’s tangential plane
(ρCp)eff is effective volumetric heat capacity, J/(m3·K)
(hZ)eff is the total equivalent heat transfer coefficient, W/(m·k)
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