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The study of the shallow geothermal field can provide precise parameters for the optimization design of ground source heat pump systems, and offer scientific basis for urban energy planning and the selection of new energy stations in new areas. The middle and deep structure has a certain influence on the shallow geothermal energy, and the influence law of different structures (bedrock characteristics, fault structure) is quite different. Based on the geological structure and stratigraphic characteristics of Gaoyang geothermal field in Xiong 'an New Area, the theoretical geological model and mathematical model of different structural characteristics are constructed. The influence of bedrock burial depth and fault cutting depth on shallow geothermal field is quantitatively analyzed. The study shows that the sensitivity of the fault structure to the temperature field is about 1.9 times that of the uplift structure in the simulation of the heat flow coupling field. The contribution rate coefficient increases with the increase of temperature field depth, and the contribution rate of the fault structure to the shallow temperature field in the heat-flow coupling mode is about 13 times that of the thermal-solid coupling. The shallower the buried depth of the uplift is, the more intense its influence on the shallow temperature field will be. The influence of fault structures on the temperature field is much stronger than that of uplift structures. The seepage field of the uplift structure and the fluid in the fault structure directly affect the shallow geothermal field.
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INTRODUCTION
Reducing carbon dioxide emissions has become a global concern. Shallow geothermal energy is a new renewable and environmentally friendly energy source with low cost, wide coverage, low pollution and great development potential (Gude, 2016; Urchueguia, 2016; Pang et al., 2018; Roka et al., 2023). Large-scale development and utilization of shallow geothermal energy is the most effective measure to alleviate the energy crisis and achieve national heating and cooling decarbonization (Lund and Toth, 2021; Zhang, 2022; Walch et al., 2022; Ahmed et al., 2022; Figueira et al., 2024). Due to the significant differences in land use, underground space management, climate, geography, geology and hydrological conditions in each city, the utilization of shallow geothermal energy varies from city to city (Xu et al., 2020; Wang G. L. et al., 2024). Studying the characteristics of the shallow geothermal field can guide the optimization application of ground source heat pump technology and assess the potential of regional shallow geothermal resources (Li et al., 2017; Luan et al., 2013).
The regional distribution of shallow geothermal energy is influenced by multiple factors, including the characteristics of bedrock, geothermal gradient, lithologic structure, features of fracture structure, and the distribution characteristics of groundwater (Wei et al., 2012; Wei et al., 2020; Wei and Li, 2021; Li et al., 2017; Zhu et al., 2022). The top boundary of bedrock and its geothermal field are the fundamental conditions that determine the spatial distribution of shallow geothermal energy. The buried depth of bedrock is positively correlated with the buried depth of the constant temperature layer roof. Active faults are the key factors affecting and controlling shallow geothermal energy (Wei et al., 2020). From the perspective of geothermal heat transfer, active faults change bedrock fissures, thus changing the channels of fluid and heat transfer from the deep earth to the surface. Therefore, it also affects the distribution characteristics of shallow geothermal energy. The regional geological structure and the deep crustal structure exert a controlling influence on the ground temperature, determining the overall trend of the ground temperature distribution. In addition, factors such as rock properties, groundwater activity, topography and precipitation also significantly influence the specific distribution of local ground temperatures (Lei et al., 2017; Li, 2021; Yuan et al., 2024; Li et al., 2024; Lei et al., 2019). There are few studies on the influence of middle-deep structure on shallow geothermal field (Wei et al., 2012; Wei et al., 2020; Wang et al., 2017). The influence of middle-deep geological structure on shallow geothermal field is the result of the interaction and mutual influence of multiple factors. However, the main controlling factors of the influence of different geological structures including bedrock morphology, bedrock burial depth and fault morphology, cutting depth and direction on shallow geothermal field are not clear.
Numerical simulation is a very important research method. Its core role is to reproduce and expand the physical similarity simulation experiment, and to realize the quantitative analysis of key parameters that are difficult to accurately capture in the experiment, such as stress field distribution, seepage field evolution and temperature field change (Sun et al., 2025; Wang Z. T. et al., 2025; Teng et al., 2025). Geological processes are the main controlling factors for the development of geothermal systems, and numerical simulation is a fundamental method for reproducing and evaluating the processes of geothermal systems (Franco and Vaccaro, 2014; Torresan et al., 2022; José et al., 2022; Ioan and Alexandru, 2024). Many scholars have carried out numerical simulation research on the characteristics of geothermal field through numerical simulation methods. The tectonic structures are fundamental connections between the recharge area and the exploitation field (Torresan et al., 2022; Wang L. et al., 2025). The temperature field distribution varied in different strata, which was closely related to the thermal properties of the strata and the groundwater flow (Lei et al., 2019; Yue et al., 2017; Chen et al., 2021; Wang W. L. et al., 2024; Feng et al., 2024). The temperature field and water density field are strongly controlled by the fault system, and there are high temperature and low density zones within the fault system (Zeng et al., 2020). The shallow geothermal field of the crust is mainly controlled by the undulation of the basement and the thickness of the sedimentary strata (Shi et al., 2022; Darius et al., 2011). Tang (2019) conducted a numerical simulation study and found that as the depth increases, the ground temperature is mainly affected by the terrestrial heat flow. The simulation of these geothermal resources is mainly focuses on deep geothermal resources, or on the temperature field variation characteristics during the geothermal extraction process. There are relatively few numerical simulations on the internal mechanism of heat exchange between deep and shallow geothermal energy, especially the comparative research and analysis based on the thermal-fluid-solid coupling mathematical model.
There are few studies on the influence of mid-deep structure on the temperature field characteristics of shallow geothermal energy and the heat transfer mechanism between them (Wu and Song, 2010; Wang et al., 2019). Starting from the characteristics of middle and deep structures, a three-dimensional geological model with different main control structural characteristics is constructed by using the existing geophysical data, drilling data and other field data. Fully considering the energy exchange relationships among temperature, fluid and solid, a thermal-fluid-solid coupling mathematical model is constructed, and the three-dimensional data volume of complex temperature field with different main control structures is obtained by numerical simulation. The heat transfer mechanism between the deep and shallow layers in the study area is analyzed based on the two heat exchange modes of heat conduction (thermo-solid coupling) and heat convection (heat-flow coupling), and the dominant heat exchange mode in the study area is given.
In the actual stratigraphic research, it is extremely difficult to analyze and study a specific influencing factor independently, and it is impossible to carry out comparative research. In order to further study the influence of different geological structures on shallow geothermal field, the main controlling factors of the influence of middle and deep structures on shallow geothermal field are analyzed. In this study, several ideal geological models are constructed, including reference model, bedrock structure model and fault structure model. By using the numerical simulation method, the influence of bedrock buried depth and fault structure on shallow geothermal field is analyzed from the quantitative perspective.
MODEL CONSTRUCTION
Conceptual model construction
The influencing factors of shallow temperature field are complex and difficult to be analyzed separately. The theoretical model can be used to analyze the influence law of different influencing factors from a single factor. The geological models in the study are divided into three groups, and the overall size of the three types of models is 10 km × 8 km × 4 km. Referring to the stratigraphic characteristics of Xiong 'an New Area, it is divided into five layers, including Pingyuan Formation, Minghuazhen Formation, Dongying Formation, Cambrian and Wumishan Formation. The first group is the reference model. The model stratum is isotropic and does not contain any other geological structure. The reference model is mainly used for comparative reference when analyzing subsequent models. The second group is the uplift structure model, and the buried depth of the uplift structure of each model is different. The third group is the fault structure model, and the fault cutting depth of each model is different (Figure 1). The design of the uplift structure model is based on the main uplift structure characteristics of Xiong 'an New Area. Two uplift structure models are designed. The buried depth of the two uplift structures is different, and the other parameters are consistent. By changing the burial depth of the uplift structures, the general law of the influence of the burial depth of uplift structures on the shallow geothermal field was studied. The buried depth of the uplift structure model 1 is set to 2,100 m, and the buried depth of the uplift structure model 2 is set to 1,400 m. The design of the fault structure model is based on the main fault structure characteristics of Xiong 'an New Area. Three types of fault structure models are designed. The cutting depth of the three fault structures is different, and the other parameters are consistent. By changing the cutting depth of the fault structure, the general law of the influence of the fault structure characteristics on the shallow geothermal field is studied. The cutting depth of fault structure model 1 is set to 2,450 m, the cutting depth of fault structure model 2 is set to 3,400 m, and the cutting depth of fault structure model 3 is set to 3,800 m. The dip angle of the fault structure of the three models is set to 45°.The cutting depth and dip angle in the model are determined based on the actual buried depth of the fault structure in Xiong 'an New Area (Wang et al., 2020; Wang G. L. et al., 2024; Ma et al., 2020; Gao et al., 2023; Dai et al., 2023).
[image: Six geological cross-sections labeled a to f. Each section has colored horizontal layers with varying shapes. Panel a shows flat layers. Panel b has a dome-like shape with a 1.4 kilometers height. Panel c features an uplift of 2 kilometers. Panel d shows a tilted layer spanning 1 kilometer horizontally. Panel e displays a downward slope extending 3.4 kilometers. Panel f has a 1.5 kilometers inclined section within a deeper 3.8 kilometers depression.]FIGURE 1 | Geological model schematic diagram (a) reference model; (b) uplift structure model (with burial depth of 2.1 km); (c) uplift structure model (with burial depth of 1.4 km); (d) fault structure model (with cutting depth of 2.45 km); (e) fault structure model (with cutting depth of 3.4 km); (f) fault structure model (with cutting depth of 3.8 km).All the information of the geological model needs to be obtained through field exploration, and the original data of the formation can be obtained directly through logging, geochemical and geophysical exploration. Accurate and abundant original data is the basis of geological model construction. The selection and setting of the parameters of the theoretical model, the uplift structure model and the fault structure model in this study are also based on the actual stratigraphic characteristics in the field. The geological structures and the stratigraphic lithology parameters of the two models are based on the Xiong 'an New Area.
Mathematical model
When considering transient conditions and groundwater flow, the energy conservation equation used is (COMSOL Inc., 2020):
ρcpeff∂T∂t⏟①+ρcpu·∇T⏟②−∇·λeff∇T⏟③=Q(1)
If there is a fault zone, the energy conservation equation for the fault zone is:
dfρcpeff∂T∂t⏟①+dfρcpu·∇TT⏟②−∇T·dfλeff∇TT⏟③=dfQ(2)
Whereρis density (kg/m3); cp is specific heat capacity (J/(kg·K)); T is temperature(K); t is time (s); u is the fluid velocity (m/s); λeff is effective mean conductivity (W/(m·K)); df is width of the fault zone(m); Q is fluid mass (kg/(m3·s)).
Flow field control equation:
Based on the theory of porous elasticity, the mass conservation equation for the fractured rock mass in geothermal reservoir (The terms ② in Equation 2):
∂∂tϕρw+∇·ρwu=Q(3)
where u is the fluid velocity (m/s); φ is Porosity; ρw is water density (kg/m3). Assuming that the Darcy's law is satisfied, then u in Equation 3 is:
u=−kμw∇p+ρwg(4)
where k is permeability (m2); μw is the dynamic viscosity of water (Pa·s); p is fluid pressure (Pa); g is the acceleration of gravity (m/s2).
If there is a fault zone, the fluid flow equation within the fault zone is the Equations 2, 3 have been transformed into Equation 5:
df∂∂tϕfρw+∇T·dfρwu=dfQ(5)
u=−kfμw∇Tp+ρwg(6)
Where ∅f is porosity of the fault zone(%); kf is the fault permeability, which satisfies the cubic law and is expressed as:
kf=df212ff(7)
where ff is the fracture roughness coefficient. The Equations 5–7 is the fluid flow equation within the fault zone.
Thermal-solid coupling situation:
When considering the solid deformation of the rock layer but not the groundwater flow, terms ① and ② in Equation 1 are deleted, and the energy conservation equation is simplified to:
−∇·λeff∇T+KαTT∂εv∂t=Q(8)
If there is a fault zone, the energy conservation equation for the fault zone is:
−∇T·dfλeff∇TT+dfKαTT∂εv∂t=dfQ(9)
Where K is bulk Modulus (Mpa); αT is thermal Expansion Coefficient (K−1); εv is volumetric Strain;
Solid deformation control equation
Based on the assumption of linear elasticity and small deformation, the deformation equilibrium equation of rock matrix under pure gravity is obtained as follows:
∇·σ+ρavg=0(10)
Based on the linear elastic constitutive, the elastic stress tensor (σ) in Equation 10 is:
σ=D:εel(11)
When considering the thermal expansion, the elastic strain (in Equation 11) is equal to the total strain tensor minus the thermal strain tensor εth
εel=12∇u+∇Tu=ε−αTT−Tref(12)
Substituting Equations 8, 9, 11, 12 into Equation 10, the final transformed equation can be expressed as:
λ+G∇εv+G∇2u−KαT∇T+ρavg=0(13)
Where: D is the fourth-order elastic matrix tensor, λ and G are Lamé constants, εv is the volumetric strain, u is the displacement vector, ρav=ϕρwater+1−ϕρs represents the average density, Tref is the reference temperature (K).
NUMERICAL MODEL
Boundary and inital conditions
According to the meteorological and geothermal geological data for many years, the depth of the constant temperature zone is determined to be 25 m. The top interface of the model is set as a constant temperature boundary, and the temperature is set to be 10 °C. The bottom interface is also set as a the constant temperature boundary, and the temperature is set to be 120 °C (Gao et al., 2023). The boundary conditions on both sides are open boundaries. In the boundary setting of seepage field, the left side of the model is set as no flow, the right side is set as a flow boundary, the bottom interface is also set as a flow boundary, and the bottom interface and the right side flow boundary are both set to 1 × 10−8 kg/m2·s. The pressure boundary at the top of the pressure boundary model is set to 0.1 MPa.
Model parameters
The geological parameters in the model are based on the field logging, drilling and rock samples of Xiong 'an New Area, ensuring that the geological parameters in the model are close to the actual geological conditions. This enables the simulation results to better reflect the actual situation and have certain guiding significance (Ma et al., 2020). The parameters of each layer of the model are shown in Table 1.
TABLE 1 | Model parameter table.	Stratum	The depth of bottom plate(m)	Lithologic	Rock density (kg/m3)	Specific heat capacity (J/kg/°C)	Thermal conductivity (W/m/°C)	Permeability (m2)	Porosity (%)	Fracture aperture (mm)	Fracture roughness coefficient
	Pingyuan formation (Q)	400	Sandstone	2050	1,200	1.55	1 × 10−15	0.16	-	-
	Minghuazhen formation (nm)	1,100	Interbedded sandstone and mudstone	2,200	1800	3.5	1 × 10−16	0.2	-	-
	Dongying formation (Ed)	1700	Interbedded sandstone and mudstone	2,550	1800	1	1 × 10−16	0.13	-	-
	Cambrian system (Є)	2,500	Dolomite	2,650	1,300	2.6	1 × 10−17	0.2	-	-
	Wumishan Formation (Jxw)	4,000	Dolomite	2,870	1,180	4.6	1 × 10−18	0.19	-	-
	Fault	-		2,700	1,100	4.5	Cubic law	1	20	1.6
	Reference literature	Wang et al., 2020	Gao et al. (2023)	Hu et al. (2020)	Ma et al., 2020; Ma et al., 2023	Hu et al. (2020)	Liu et al. (2025)


Model discretization
Considering the balance between calculation accuracy and computational efficiency, the boundary and fracture surface meshes are refined, and the grid division of each model is shown in Figure 2.
[image: Six panels labeled a to f display grayscale simulation images with grid patterns. Panels a to c depict curvature changes, while d to f show darkened areas and linear shifts representing variations in structural models or stress analysis.]FIGURE 2 | Model grid division diagram (a) Reference model; (b) Uplift structure model (buried depth 2.1 km); (c) Uplift structure model (buried depth 1.4 km); (d) Fault structure model (cutting depth 2.45 km); (e) Fault structure model (cutting depth 3.4 km); (f) Fault structure model (cutting depth 3.8 km).SIMULATION RESULTS
Simulation results of different structures
The simulation results of different models are obtained by simulation (Figure 3) based on Equation 13. Compared with the reference model, the temperature of the uplift model 1 increases slightly at the uplift position (Figure 3b), while the temperature increase in the uplift model 2 is more obvious (Figure 3c). In the center of the uplift, the temperature reaches 85 °C at a depth of 1,500 m; By comparing the three fault models, it can be seen that the temperature at the fault location changes significantly. The heat flow at the bottom rapidly transfers to the upper part through the fault, causing the temperature to rise. The deeper the fault cutting, the higher the temperature. At the buried depth of 2 km, the temperature of fault model 1 is 80 °C (Figure 3d), the temperature of fault model 2 is 100° (Figure 3e), and the temperature of fault model 3 increases to 110° (Figure 3f). With the increase of the buried depth of the fault, the heat increases along the fault direction.
[image: Six thermal model diagrams show temperature variations with depth and length in kilometers, marked by letters a to f. Each color scheme represents temperature ranges from 20°C (blue) to 120°C (red). Panels illustrate different geological structures: reference, uplift structures one and two, and fault structures one, two, and three. Vertical axes denote depth in kilometers, while horizontal axes indicate length in kilometers.]FIGURE 3 | Simulation results of heat-fluid coupling (a) Temperature field of the reference model; (b) Temperature field of the uplift structure (buried depth of 2.1 km); (c) Temperature field of the uplift structure (buried depth of 1.4 km); (d) Temperature field of the fault structure (cutting depth 2.45 km); (e) Temperature field of the fault structure (cutting depth 3.4 km); (f) Temperature field of the fault structure (cutting depth 3.8 km).Verification analysis of simulation results reliability
Although the models studied in this project are all ideal models based on rational conditions, all the model construction parameters and geological layer parameters in the models are constructed and set according to the actual field measurement data. By comparing the temperature data of the simulation results with the actual logging temperature data, the rationality of the model and parameters, as well as their similarity to the actual situation, can be verified to a certain extent.
Using the numerical simulation results obtained by simulation, the temperature curves of different models are extracted and compared with the temperature curves of wells D17, D18, D32, D34 and D35 in the Xiong 'an New Area (Figure 4). The results show that there is a certain difference between the simulated uplift structure and the actual logging temperature curve, and the overall temperature value is lower than that of the actual logging curve. This is because in the actual on-site conditions, uplift structures are often accompanied by the fault structure. Therefore, during the heat transfer process in the middle and deep layers, the heat transfer of the uplift structures in the simulation is less than that in the actual situation where both uplift structures and fault structures are present. However, the temperature change trends between the two remain quite consistent. The simulated temperature variations of the faults show good consistency with the actual logging temperature curves in terms of temperature values and temperature gradient changes. By comparing the simulation results with the actual logging temperature curves, it can be determined that the setting of the model parameters is reasonable, and the simulation results have certain reliability.
[image: Line graph showing temperature against depth. Several solid and dashed lines represent different structures, labeled as D17, D18, D32, D34, D35, and various uplift and fault structures. Depth ranges from zero to five thousand meters, and temperature ranges from zero to one hundred forty degrees Celsius. Solid lines represent specific measurements, while dashed lines indicate uplift and fault structures.]FIGURE 4 | Comparison of simulated data and field logging temperature curve. The heat transfer of the uplift structures in the simulation is less than that in the actual situation. The simulated temperature variations of the faults show good consistency with the actual logging temperature curves.DISCUSSION AND ANALYSIS
Comparative analysis of sensitivity and contribution
When analyzing the influence of different middle and deep structures on the shallow temperature field, the contribution rate parameter (M) and the sensitivity coefficient (E) are mainly analyzed and studied. The contribution rate parameters are used to study and analyze the contribution of different structures to shallow geothermal energy, and the sensitivity coefficient is used to study and analyze the sensitivity of shallow geothermal energy to different structures.
The calculation formulas for the contribution rate parameter (M) and the sensitivity coefficient (E) are as follows:
M=Δt/T0(14)
E=Δt/T0/Δh/H0(15)
Where T0 is the temperature of the initial temperature field, Δt is the shallow temperature change after adding or changing the uplift or fault characteristics; H0 is the parameter value (depth) of the uplift or fault in the initial state, and Δh is the change of the parameter.
The temperature curves of uplift structure and fault structure model at different buried depths are extracted (Figure 5; Table 2). The sensitivity coefficient and contribution rate parameters of the uplift structure and the fault structure are calculated by using the extracted temperature curve data (Table 3).
[image: Two graphs labeled "Temperature curves in 200 m" show temperature variation across distance in kilometers. Graph (a) depicts "Uplift structure 1" and "Uplift structure 2" with nearly flat curves at approximately 13 degrees Celsius. Graph (b) displays "Fault structure 1," "Fault structure 2," and "Fault structure 3," showing a peak at about 25 degrees Celsius, with varying ascent and descent patterns. Both include a "Reference model" marked with a black dashed line, constant at 10 degrees Celsius.]FIGURE 5 | 200 m temperature curves of different models ((a) uplift structure model; (b) fault structure model).TABLE 2 | Calculation the parameter values of contribution rate and sensitivity coefficient in different models.	Model types	Depth (m)	T0 (°C)	Tmax (°C)	Tavg (°C)
	Uplift structure 1 (2.1 km)	100	10.6	10.68	10.62
	200	11.3	11.4	11.33
	300	11.9	12.1	11.97
	Uplift structure 2 (1.4 km)	100	10.6	11.54	10.9
	200	11.3	13.1	11.81
	300	11.9	14.8	12.77
	Fault structure 1 (2.45 km)	100	10.6	14.9	11.86
	200	11.3	20.0	13.75
	300	11.9	25.2	15.69
	Fault structure 2 (3.4 km)	100	10.6	18.2	12.84
	200	11.3	26.6	15.71
	300	11.9	35.1	18.62
	Fault structure 3 (3.8 km)	100	10.6	19.1	13.31
	200	11.3	28.4	16.64
	300	11.9	37.8	20


TABLE 3 | Contribution rates and sensitivity coefficients of different structures to temperature fields at different depths under the heat-flow coupling mode.	Structure model	Depth	Maximum contribution rate	Average contribution rate	Maximum sensitivity coefficient
	Uplift structure 1 (2.1 km)	100	0.75%	0.19%	0.24
	200	0.88%	0.26%	0.46
	300	1.68%	0.59%	0.66
	Uplift structure 2 (1.4 km)	100	8.90%	2.80%	0.24
	200	16%	4.50%	0.46
	300	24%	7.3%	0.66
	Fault structure 1 (2.45 km)	100	41%	12%	0.57
	200	77%	22%	0.85
	300	112%	32%	1.01
	Fault structure 2 (3.4 km)	100	72%	21%	0.57
	200	136%	39%	0.85
	300	195%	56%	1.01
	Fault structure 3 (3.8 km)	100	81%	26%	0.57
	200	151%	47%	0.85
	300	218%	68%	1.01


By comparing the contribution rate of middle-deep structure to temperature field at different depths, it can be found that the contribution rate coefficient increases with the increase of temperature field depth, and the maximum contribution rate coefficient of middle-deep structure to temperature field at 300 m depth is about 3 times that of temperature field at 100 m depth (Figure 6; Table 3). Comparing the contribution rate coefficients of different structures to the temperature field at the same depth, it can be found that the contribution rate of the fault structure to the temperature field is much larger than that of the uplift structure, generally remaining at around 5 to 8 times. Comparing the sensitivity coefficients of the temperature field at different depths to the middle and deep structures, it can be found that the sensitivity coefficient of the structure gradually increases with the increase of the depth of the temperature field. Comparing the sensitivity of different structures to temperature field, it can be found that the sensitivity of temperature field to fault structure is higher than that of uplift structure. The sensitivity coefficient of the fault structure is 2.4 times, 1.8 times and 1.5 times of the uplift structure at the depth of 100 m, 200 m and 300 m, respectively, and the average is 1.9 times (Table 3). Whether it is the contribution rate of the middle-deep structure structural formations to the temperature fields at different depths, or the sensitivity of the temperature fields to the middle and deep structural formations, the fault structures are significantly more prominent than the uplift structures. This is mainly because the fluid conduction in the fault structures plays a significant role, transferring the heat from the middle and deep layers to the shallow layers.
[image: Three bar charts labeled a, b, and c compare contribution coefficients for different structures. Vertical bars represent max (blue) and average (orange) values for Uplift structures 1 and 2, and Fault structures 1, 2, and 3. The charts show varying levels of contribution, with blue bars consistently higher than orange.]FIGURE 6 | Contribution coefficient of different structures to shallow temperature field (a) 100 m deep temperature field; (b) 200 m deep temperature field; (c) 300 m deep temperature field.Comparative analysis of different coupling fields
In order to better analyze the influence of middle-deep structure on shallow geothermal field, the thermo-solid coupling model is selected for simulation, and the simulation results are compared with the simulation results of the heat flow coupling model (Figure 7).
[image: Six thermodynamic models display temperature gradients from 0 to 120 degrees Celsius over a depth of 0 to -4 kilometers across a length of 10 kilometers. Panels a, c, and e show uniform color patterns with slight variations, indicating uplift structures. Panels b, d, and f exhibit disturbances in the gradient patterns, representing fault structures. Each model uses a consistent color scale to depict temperature changes.]FIGURE 7 | Thermo-solid coupling simulation results (a) Temperature field of the reference model; (b) Temperature field of uplift structure (buried depth of 2.1 km); (c) Temperature field of uplift structure (buried depth of 1.4 km); (d) Temperature field of fault structure temperature field (cutting depth 2.45 km); (e) Temperature field of fault structure temperature field (cutting depth 3.4 km); (f) Temperature field of fault structure temperature field (cutting depth 3.8 km).Based on Equations 14, 15, the contribution rate and sensitivity coefficient were calculated. Contribution rate and sensitivity coefficient of different structures to temperature field at different depths under thermal-solid coupling mode are shown in Table 4. It can be seen that the average contribution rate to the temperature field increases with the increase of depth, whether it is a uplift structure or a fault structure. The average contribution rate of the uplift structure 1 to the temperature field is 0.35%, and the contribution rate of the uplift structure 2 to the temperature field is 4.87%.It can be seen that the shallower the buried depth of the uplift is, the more intense its influence on the shallow temperature field will be. The average contribution rate of the fault structure 1 to the temperature field is 22%, that of the fault structure 2 is 38.67%, and that of the fault structure 3 is 47%. It can be seen that the influence of fault structures on the temperature field is much stronger than that of uplift structures, and as the depth of the fault increases, the influence also gradually increases. Compared with fault structures, the temperature field is more sensitive to uplift structures.
TABLE 4 | Contribution rate and sensitivity coefficient of different structures to temperature field at different depths under thermal-solid coupling mode.	Geological structure type	Depth	Maximum contribution rate	Average contribution rate	Maximum sensitivity coefficient
	Uplift structure 1 (2.1 km)	100	1.55%	1.10%	0.14
	200	2.40%	1.70%	0.21
	300	2.90%	2.00%	0.26
	Uplift structure 2 (1.4 km)	100	6.20%	2.77%	0.14
	200	9.70%	4.30%	0.21
	300	11.93%	5.22%	0.26
	Fault structure 1 (2.45 km)	100	6%	3%	0.022
	200	9.86%	5.10%	0.032
	300	12.10%	6%	0.038
	Fault structure 2 (3.4 km)	100	5.48%	1%	0.022
	200	8.50%	2.30%	0.032
	300	10%	3%	0.038
	Fault structure 3 (3.8 km)	100	7%	2.05%	0.022
	200	10%	3.16%	0.032
	300	12.45%	3.86%	0.038


The average contribution rate of different structural models to the temperature field are compared (Figure 8). The average contribution rate of the uplift structure 1 to temperature field of thermal-solid coupling field is greater than that of heat flow coupling field (Figure 8a). However, the average contribution rate of uplift structure 2 to the temperature field of the thermal-solid coupling field is greater than that of the heat flow coupling field. This is because when the buried depth of the uplift structure is shallow, the heat transfer of rock is dominant, while when the buried depth of the uplift structure is deep, the heat transfer of water flow is dominant. By comparing the contribution rate of the fault structure, it can be found that the contribution rate of the fault structure to the shallow temperature field in the heat-flow coupling simulation mode is about 13 times that of the thermal-solid coupling (Figure 8b).
[image: Two bar charts labeled "a" and "b" show the average contribution rate versus depth. Chart "a" displays data for thermal-solid and heat-flow coupling for uplift structures, using pink, red, light blue, and dark blue bars. Chart "b" presents thermal-solid and heat-flow coupling for fault structures, with pink, red, light blue, dark blue, beige, and yellow bars. Both charts indicate increasing contribution rates with depth. The legend identifies colors for each coupling and structure type.]FIGURE 8 | The average contribution rate coefficient of different structural models to the temperature field (a) Comparison of the contribution rate of heat flow coupling and thermal-solid coupling to the geothermal field in the uplift structure; (b) Comparison of the contribution rate of heat flow coupling and thermal-solid coupling to the geothermal field in the fault structure.By comparing the sensitivity of the formation temperature field to the middle and deep structures under the two simulation modes of thermal-solid coupling and heat flow coupling, it can be found that sensitivity coefficient in the thermal-solid coupling model are significantly smaller than those in the heat flow coupling model. Additionally, it is found that the sensitivity coefficient of the temperature field to the fault structure in the thermal-solid coupling model is not only smaller than that of the heat-flow coupling simulation, but also much smaller than that of the uplift structure (Figure 9; Table 4). The seepage field in the stratum plays a great role in the heat transfer at the middle-deep layer, especially in the presence of fault structure.
[image: Bar chart showing maximum sensitivity coefficients (%) for depth in meters (100, 200, 300). Light blue and dark blue bars represent thermal-solid and heat-flow coupling in uplift structures, respectively. Light yellow and yellow bars represent the same in fault structures. Yellow bars have the highest values, especially at 200 and 300 meters.]FIGURE 9 | Maximum sensitivity coefficient of different structures to shallow temperature field.CONCLUSION
By constructing different middle-deep structure (uplift and fault structure) models, and based on numerical simulation methods such as thermal-solid coupling and heat-flow coupling, the general law of the influence of different middle-deep structures on shallow geothermal energy is simulated and analyzed. The contribution rate of the middle-deep structure to the shallow geothermal field and the sensitivity of the shallow geothermal field at different depths to the middle-deep structure are studied and analyzed. The findings are as follows.
	Through the study of heat-flow coupling simulation, it is found that the contribution rate coefficient increases with the increase of temperature field depth, and the maximum contribution rate coefficient of the middle-deep structure to 300 m deep temperature field is about 3 times that of 100 m deep temperature field. The contribution rate of fault structure to temperature field is much greater than that of the uplift structure, generally remaining at around 5 to 8 times; As the depth of the temperature field increases, the sensitivity coefficient of the structure gradually increases; the sensitivity of the temperature field to the fault structure is higher than that of the uplift structure, and the sensitivity of the fault structure to the temperature field is about 1.9 times that of the uplift structure.
	The contribution rate of the fault structure to the shallow temperature field in the heat-flow coupling mode is about 13 times that of the thermal-solid coupling. The sensitivity of the temperature field in the thermal-solid coupling model to the middle-deep structure is significantly lower than that in the heat-flow coupling model. The shallower the buried depth of the uplift is, the more intense its influence on the shallow temperature field will be.
	The influence of fault structures on the temperature field is much stronger than that of uplift structures. This is mainly due to the fact that the fluid conduction in the fault structure plays a greater role in transferring the heat from the middle-deep layer to the shallow layer. Thermal convection plays an important role than thermal conduction in the influence of middle-deep structure on shallow geothermal fields.
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GLOSSARY
ρ Density (kg/m3)
cp Specific heat capacity (J/(kg·K))
T Temperature (K)
t Time (s)
u The fluid velocity (m/s)
λeff Effective mean conductivity (W/(m·K))
df Width of the fault zone (m)
Q Fluid mass (kg/(m3·s))
∅ Porosity (%)
ρw Water density (kg/m3)
k Permeability (m2)
μw The dynamic viscosity of water (Pa·s)
p Fluid pressure (Pa)
g The acceleration of gravity (m/s2)
∅f Porosity of the fault zone (%)
kf The fault permeability (m2)
ff The fracture roughness coefficient (Dimensionless)
K Bulk Modulus (Mpa)
αT Thermal expansion coefficient (K−1)
εv Volumetric Strain (Dimensionless)
D The fourth-order elastic matrix tensor (Pa)
λ Lamé constants (Pa)
G Lamé constants (Pa)
u The displacement vector (m)
ρav The average density (Kg/m3)
Tref The reference temperature (K)
M The contribution rate parameter (%)
E The sensitivity coefficient (Dimensionless)
T0 The temperature of the initial temperature field (°C)
Δt The shallow temperature change after adding or changing the uplift or fault characteristics (°C)
H0 The parameter value (depth) of the uplift or fault in the initial state (Km)
Δh The change of the parameter (Km)
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