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Abstract

:

Thermal groundwater is relatively abundant in the deep-seated bedrock underlying the Beijing plain area. The main geothermal reservoir is composed of dolomites of the Wumishan Group of the Meso–Neoproterozic Jixian System. The thermal groundwater has been developed and utilized since the 1970s and significant declines in groundwater levels were observed. A 3D unsteady flow model of an anisotropic karst-fissure aquifer based on the equivalent continuum is used to describe the flow of thermal groundwater and heat transport. The heat transportation is described by the governing equation including convection and dispersion. The simulation of this paper aims to solve such problems as uneven distribution and thinness of the aquifer, insufficient initial monitoring data, and poor knowledge of the properties of the horizontal boundary. They are solved by considering vertical stratification of the aquifer with equal thickness, replacing initial water level data by surface elevation, and choosing natural boundary far away from the exploitation areas. Through a trial–error procedure, the simulated and measured groundwater level and temperature in the simulation period are well fitted. Three exploitation schemes are proposed to predict the spatial and temporal changes in groundwater level and temperature of the thermal groundwater in the study area. The prediction results show that the reinjection can effectively slow the decline in the thermal groundwater levels. Except for the Dongnanchengqu, Xiaotangshan, and Liangxiang subgeothermal fields, the other six subgeothermal fields have the potential for further development of thermal groundwater.
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1. Introduction


Located in the northern part of the North China Plain Basin (Figure 1), Beijing is one of the cities in China underlain by relatively abundant geothermal resources [1]. Thermal groundwater in the deep-seated carbonates in the Beijing plain area is of sedimentary basin type of low to medium temperature. The geothermal reservoir in the study area is composed of the Proterozoic siliceous dolomite and Cambrian–Ordovician limestones, with a total thickness of more than 5000 m. Especially, the carbonates of the Wumishan Group of the Jixian System of the Meso–Neoproterozoic with a thickness of more than 2000 m (m is short for meter) are widely spread, accounting for over 90% of the basement rocks in the plain area. The Wumishan carbonates is characterized by highly-developed karst landform and thus become the most important geothermal reservoir in the study area. The burial depth of the top of the geothermal reservoir varies greatly from about 150 m to 4000 m or more (at the center of Beijing depression). The caprocks of the geothermal reservoir are mainly composed of Mesozoic and Cenozoic clastic rocks and range in thickness from tens of meters to several kilometers. The well head temperature of the thermal groundwater ranges from 48 °C to 95 °C.



Exploration of thermal groundwater in the bedrock aquifers in the Beijing plain area can be dated back to the year 1971 [2]. Since then, number of production wells and total exploitation keep on increasing. Due to the over-exploitation of thermal groundwater, the groundwater level of the geothermal reservoir continues to decline. By monitoring the amount of production, water level, and hydrochemistry of the thermal groundwater, it is found that there is a positive correlation between the amount of production and the decreasing water level. Simulation and prediction of the temporal and spatial evolution of groundwater level and temperature in the geothermal system are of important significance, even though the present data of geological exploration and routine observation of groundwater level and temperature at some geothermal wells are insufficient.



Thermal groundwater in deep bedrock in a sedimentary basin is a special type of geothermal water. It is characterized by deep burial, great change of temperature and heat exchange with surrounding rock [3,4]. In the study of such a complex thermal groundwater system, numerical simulation techniques can systematically reveal the distribution, migration, and formation mechanism of thermal groundwater; analyze the resource potential of the whole geothermal system; and help to formulate reasonable exploitation planning. Numerous mathematical models describing thermal groundwater flow in a geothermal system have been developed during the past decades. Voss [5] created a complex model of energy transport in the subsurface system, which was two dimensions and could accurately reproduce the flow and energy with proper discretization. Eckstein and Maurath [6] performed a simulation in the Momotombo geothermal area of Nicaragua in Central America with a time-dependent model and the results of the simulation revealed the origin and velocity of the hot fluids. Zhang [7,8] studied the function and rule of natural convection in heat transport, and the flow equation and heat transfer equation describing natural convection in the heat transfer of aquifers were derived. The natural convection was well demonstrated by simulating the energy storage of a group of wells in Shanghai. Ondrak and Moller [9] used a numerical model coupling heat and mass transport to simulate the temporal and spatial evolution of temperature of a shear zone and its vicinity in Germany, and obtained a better understanding of the time scales at which the hydrothermal vein deposits form. Dilsiz [10] used a 3D hydrogeological conceptual model to explain the occurrence of the Pamukkale hot spring in the southwestern Turkey. Xue [11] discussed the problem of heat transport in the saturated zone and energy storage in aquifers, and the numerical solution of the corresponding model was also given. Ostermann [12] developed a 3D model to simulate the heat transport in hydrothermal systems which was based on a transient advection–diffusion-equation for a porous medium and proved that Galerkin schemes could be available for the numerical realization. Diersch [13] discussed the finite-element computation of heat transport in porous media and found that it could be applied to the nonisothermal porous-medium processes, for instance, exploitation of geothermal reservoirs. The movement of thermal groundwater involves the flow and heat migration of hot water, and the 3D unsteady flow equations are needed to describe both the hot water flow and heat migration in a geothermal reservoir. However, such models are difficult to calibrate because they require field observations that are relative expensive to conduct on a regular basis over an extended period of time. In this simulation, a 3D unsteady groundwater flow and heat transport model in carbonates based on the equivalent continuum [14] is used to simulate the thermal groundwater system in the study area. Field observation data from some of the geothermal wells are used for a first calibration. Predictions of future changes in hydraulic head and temperature are also performed. The results may provide some insight into the geothermal structure of the North China Plain, and have implications for the development of geothermal water resources in similar sedimentary basins.




2. Description of the Study Area


At present, geothermal resources which can be exploited and utilized in Beijing mainly occur in the plain area, with an area of over 6000 km2. Tectonically, the Beijing plain area is located in the north of the China–North Korea Paraplatform. It is a faulted basin developed from the north China Platform and has undergone several tectonic changes and multi-stage and multi-cycle geological structural evolution [15]. The structural framework of Beijing formed during the Mesozoic Yanshan Movement and sedimentation basins with different ranges, different sediments and different subsidence periods formed due to the later differential movements. The basins are covered by Eogene and Quaternary unconsolidated sediments which range in thickness from tens of meters to nearly thousands of meters. The Jurassic, Cretaceous, Paleogene, Neogene, and Quaternary sediments with the maximum thickness of over 4000 m were deposited in the sedimentation center, namely, the central part of the Beijing depression.



A series of tectonic movements led to mainly two sets [15] of faults in the region (Figure 1). One set trends nearly in the NE direction, including the Babaoshan fault (F2), the Huangzhuang–Gaoliying fault (F1), etc. Another set is the NW direction, represented by the Nankou–Sunhe fault (F13) and the Yongdinghe fault (F11). The occurrence of geothermal anomalies are closely related to the active faults. Deep faults, such as the Huangzhuang–Gaoliying fault, can be regarded as deep flow and migration channels for thermal groundwater and also as boundaries of the geothermal fields. The faults concentrated in the middle of the Beijing geothermal field play a crucial role in increasing the development of karst-fissures in the carbonate aquifers, communicating deep heat sources, and improving geothermal gradients.



The strata from top to bottom in the geothermal system in Beijing include: the Ordovician System (O), Cambrian System (Cm), Qingbakou System (Qn), Tieling Group of the Jixian System (Jxt), Hongshuizhuang Group of the Jixian System (Jxh), Wumishan Group of the Jixian System (Jxw) [16]. The Wumishan Group of the Jixian System occurs all over the study area, while other strata are discontinuous in the horizontal direction and have a relative small thickness (Figure 2 and Figure 3). Borehole data [2,15,16] show that the dolomite of the Wumishan Group of the Jixian System has a large amount of water produced by single wells and is the most important aquifer in this area. Other strata also developed a certain degree of fracture and karst phenomenon, and the specific well-yield is smaller than that of the Jixian Wumishan Group (Table 1).



Isotopic data [17,18,19,20,21,22] show that the thermal groundwater in the study area is of meteoric origin. The 14C dating data [18,19,21,22] which show that the age of thermal groundwater in the bedrock aquifers increases gradually from northwest to southeast, indicating that the flow direction of the hot water is from northwest to southeast. As shown in Figure 4, precipitation infiltrates in the northern and western mountainous areas and groundwater flows to the deep aquifers of the Beijing plain area along the fractures and fault zones. During the migration process, it is heated by the heat flow from below and obtains heat. The huge Jixian System has well-developed crisscrossed joints and karst fissures, and provides favorable conditions for the flow and storage of thermal groundwater. The Cenozoic and Mesozoic clastic rocks above the geothermal reservoir form a good and thick insulating cover. The thermal groundwater enriches in the fault zones and is available for exploitation.



The Beijing plain area is located in the north of North China Basin and the characteristics of the geothermal field are consistent with those of the North China Basin in both the horizontal and vertical directions. By analyzing the drilling data, ground temperature logging data and the well head temperature of the geothermal wells [2,15,16] in Beijing, the contours of temperature at the elevation of −2000 m was obtained (Figure 5). The horizontal temperature of the geothermal field in the study area is characterized by a rising trend from northwest to southeast. The main vertical temperature characteristic is that the geotemperature gradient of the caprocks is higher than that of the geothermal reservoir (Table 2).



In the Beijing plain area, the area of the reservoir at the burial depth of less than 3500 m and with temperature of more than 50 °C is approximately 2760 km2. The Beijing geothermal field was previously divided into 10 subgeothermal fields [23] that are somewhat related to each other (Figure 6). In recent years, with the development of economic construction, the number of exploitation wells of geothermal resources is increasing and the exploitation amount of the hot water is also increasingly growing. At present, there are two mainly subgeothermal fields in which the exploration of thermal groundwater is relatively strong. One is the Dongnanchengqu subgeothermal field with an area of 117 km2 in the central city. The other is the Xiaotangshan subgeothermal field with an area of 20 km2 to the north of the city. By the end of 2016, there were about 200 exploitation wells of thermal groundwater in Beijing plain area, about half of which were concentrated in the the Dongnanchengqu subgeothermal field and Xiaotangshan subgeothermal field. The accumulative exploitation amount of thermal groundwater is over 1.3 × 108 m3 (m3 is short for cubic meter) (Table 3). As a result, the groundwater levels of the geothermal reservoir continues to substantially decline with an average drop of more than 2.5 m per year.




3. Mathematical Model


The carbonate geothermal reservoir in the study area is an underdeveloped karst landform and is of certain anisotropy and heterogeneity. However, the thermal groundwater in the reservoir flows slowly and has a uniform potentiometric surface. The groundwater flow is thought to obey the Darcy’s law. The thermal groundwater flow is affected by the viscosity and density of hot water, which are dependent on temperature. In this simulation, a 3D unsteady groundwater flow and heat transport model [24] in an anisotropic carbonate aquifer based on the equivalent continuous medium is established and the influence of groundwater density and viscosity on the simulated groundwater levels is taken into account.



The groundwater flow equation that describes the change of density with temperature is


∂∂xi[Kij(∂h∂xj+ρrej)]=Ss∂h∂t+ϕ∂ρr∂T×∂T∂t−(1+ρr)q



(1)




where Kij is the hydraulic conductivity and Kij=ρgkij/μ; Ss is the specific storage; ρ is density of water; μ is the viscosity coefficient; kij is the permeability; h is the hydraulic head; t is the time; T is the fluid temperature; ρr={ρ(P,T)/ρ0−1} is the density variation of water; ϕ is the porosity of aquifers; ej is the j th component of the unit vector of the gravitational direction; q is the source and sink.



Kijρrej is the convection caused by density difference and φ(∂ρr/∂T×∂T/∂t) indicates the change in liquid mass caused by the density change in Equation (1). If the density is constant, Equation (1) becomes the common groundwater flow equation.



Heat transport is mainly controlled by convection and diffusion. The following mathematical equation including convection and diffusion is used to describe heat transport


ce∂T∂t+cρvi∂Txj=∂∂xi(λij∂T∂xj)+cρ(T′−T)q



(2)




where ce is the heat capacity of aquifers; vi is the Darcy’s velocity; c is the heat capacity of water; λij is the thermal conductivity of aquifers; T′ is the temperature of the source and sink.



Combined with the initial conditions and boundary conditions of groundwater flow and temperature variation (mentioned in Section 4.3 and Section 4.4), Equation (1) and Equation (2) constitute the mathematical model of this simulation. FEFlOW, a groundwater numerical simulation software, is used for calculation.




4. Model Structure


Due to the complexity of geological structure in the Beijing plain area, the following difficulties exist in the process of establishing geological model and determining the initial conditions. First of all, there is no waterproof structure in the study area that can be treated as the ideal boundary (impermeable boundary) of the model. Secondly, the great difference in the roof elevation of the thermal reservoir and some discontinuous strata in the Beijing plain area make it difficult to layer the model in the vertical direction. Finally, geothermal water level data at the initial time of simulation are not sufficient to determine the initial distribution of geothermal water level. This simulation will focus on solving these problems.



4.1. Model Scope


The karst-fissured geothermal reservoir is of sedimentary basin type of low-medium temperature [25]. Currently, exploitation of thermal groundwater mainly concentrates in three subgeothermal fields including the Dongnanchengqu, Xiaotangshan, and Liangxiang. Exploitation wells in these areas are densely distributed, and the Wumishan Group of Jixian System is used as the main aquifer for exploitation. No geological structure with obvious water resistance property was found in the study area which can be treated as the simulation boundary, so the hydrogeological property of the simulation boundary that we choose is not clear. In order to decrease the influence of the boundary properties on the simulation results of the dense exploitation areas, the boundary of the simulated area should be as far away from these areas as possible. To better simulate the movement of the deep geothermal water and predict spatial and temporal changes in groundwater levels and temperature, the model area is kept away from the downtown areas and extends to the natural boundaries. Faults far from the exploitation centers of geothermal water can be chosen as the boundary of the calculation area. In the southeast, the Huairou–Laishui deep fault and intrusive rock boundary in the Xincheng area are chosen to be the southwestern boundary. In the south, the Gu’an–Changli fault (F14) is selected as the boundary. In the east, the Xianghe Fault (F15), Nankou–Sunhe Fault (F13), and Xiaqian Fault (F10) constitute the eastern boundary of the model. In the north, the plain–mountain boundary is taken as the model boundary, and it bypasses two intrusive rock areas in the plain areas in Huairou and Changping County (Figure 1).



The roof of the model (Figure 7) is determined according to the elevation of the roof of the geothermal reservoir. The bottom of the model is determined according to the thickness of the Jixian Wumishan Group. The deepest elevation of the roof of the reservoir is −4100 m in the model, and Jixian Wumishan Group is about 2000 m thick. To make the model contain the complete Wumishan Group, a thickness of 2000 m is extended downward and the elevation plane of −6100 m is chosen to be the model baseplate.




4.2. Geologic Model Structure


Elevation of the geothermal reservoir roof in the Beijing plain area is of significant difference, varying from −150 m to −4000 m. In the central part of Beijing, the roof elevation reaches the lowest level of about −4000 m. Except the Jixian Wumishan Group, other strata occur discontinuously in the horizontal direction and have a relative small thickness. Due to the discontinuous strata and the difference of roof elevation of the model, it is impossible to layer the model according to the lithology of strata in the vertical direction. The horizontal plane with the elevation of −4100 m is chosen to be an interface. There are 10 layers below −4100 m. All the 10 layers are horizontal layers, and the thickness of each layer is 200 m. The region above −4100 m is divided into 10 layers and at the same horizontal position, the thickness of each layer is the same. In this way, a 20-layered model is obtained (Figure 8). The upper 10 layers contain all the strata in the geothermal reservoir, and the elevation in each layer is different. Each layer near the central part of Beijing depression has a small thickness of about 10 m. It reaches the maximum thickness of about 400 m in the central part of the Shuangqiao subgeothermal field. The lower 10 layers contain mainly the Jixian Wumishan Group, and each layer has the same thickness of 200 m.




4.3. Boundary Conditions


Boundary conditions of the carbonate geothermal reservoir in the Beijing plain area include the groundwater flow boundary and heat migration boundary. In this simulation, the boundary of the simulation area is generalized and treated as follows.



4.3.1. Groundwater Flow Boundary


The faults to the south-east of the plain and the boundary of Beijing plain together form the boundary of the simulation area. Recharge of the deep geothermal water in the Beijing plain area comes from the lateral flow, which come from the northern and western mountainous areas where groundwater receives infiltration of precipitation. The flow direction of the geothermal water is from northwest to southeast, so the geothermal water in the Beijing plain flows out of the study area in the southeastern boundary as the form of lateral runoff. Therefore, the boundary between the mountain and plain in the north and west of the study area is set to be boundary of fixed flow, and the intrusive rock boundary strip is set to be the no-flow boundary. Since the fault boundaries in the south and east of the study area is not completely impermeable faults, they are set to be boundary of fixed flow. The flow value of the boundary is according to the Darcy’s law, and is evaluated and corrected several times. The flow values of the specific boundaries are shown in Figure 9 and Table 4.



The horizontal plane at elevation of −6000 m is taken as the bottom boundary of the model, where karst and fissure development are with poor maturity. Therefore, the bottom boundary of the model is set to be no-flow boundary. There is a weak hydraulic connection between the model roof and the overlying strata. The hot water exchange capacity is insignificant compared with the geothermal water exploitation quantity in the study area. Therefore, the model roof is also defined as the no-flow boundary.




4.3.2. Heat Migration Boundary


Geothermal survey shows that there is no significant change in temperature in the geothermal reservoir. In addition, geothermal reinjection only exerts a small influence on the temperature. Therefore, the lateral boundary of the model is set to be constant temperature boundary. The specific temperature is determined by the initial condition of the temperature field. Although the roof and baseplate of the model are no-flow boundaries, there exists heat transport from the underlying strata to the geothermal reservoir and from the reservoir to the overlying caprocks. Therefore, the upper and lower boundaries of the model are defined as heat flux boundaries. For the bottom boundary, the average heat flow value (0.065 W/m2) in North China [26] is selected as the flow value of heat flux boundary and for the top, it is 0.005 W/m2.





4.4. Initial Conditions


Extensive monitoring of the deep thermal groundwater levels began in the early 1980s [2]. In the earlier simulation of the 1970s, there were few geothermal water level data available to analyze and obtain the initial condition of the model. In the early 1970s, some geothermal wells slightly flowed thermal groundwater, and the groundwater levels were a little higher than the land surface elevation, while groundwater levels at other geothermal wells were slightly lower than the land surface. Thus, the land surface of the Beijing plain area can be considered to approximately stand for the initial groundwater surface. The deep geothermal water in the plain area flows from northwest to southeast before exploitation. The topography in Beijing is high in the northwest and low in the southeast, which is consistent with the initial distribution of thermal groundwater levels. Therefore, initial groundwater surface can be placed by the land surface approximately in this simulation. Therefore, the elevation data of the land surface are set to be initial groundwater levels. Combined with the boundary conditions in the Section 4.3.1, the natural state (no exploitation state) is simulated, and finally the approximately stable state is obtained as the initial groundwater level at the beginning of the simulation (Figure 10).



The initial temperature at the elevation of −2000 m is obtained by interpolating the temperature field data (Figure 4). Since the geothermal gradient of each strata in the thermal reservoir are nearly equal to each other, the average geothermal gradient (1.7 °C/100 m) of Cambrian System, Tieling Group, and Wumishan Group of Jixian System can be selected as the average geothermal gradient of the thermal reservoir in the study area (Table 2). The following equation is used to calculate the temperature of the other locations of the geothermal reservoir


T(x,y,z)=T(x,y,−2000)−z+2000100×1.7



(3)




where T(x,y,z) is the temperature at any point in the thermal reservoir and T(x,y,−2000) is the temperature at the corresponding point on the plane of −2000 m. At last, the initial temperature field from layer 1 to 20 in the model are obtained (Figure 11).




4.5. Source and Sink


Thermal groundwater in the geothermal reservoir of the Beijing plain area receives recharge from infiltration of precipitation, and discharges through springs, artificial exploitation, and lateral run-off. During the simulation period, the springs in the study area is zero-flow, and in the 21st century, the thermal groundwater is artificially reinjected into the reservoir. The lateral run-off inflow from the mountainous area and the lateral runoff inflow from the southwest boundary of the study area can be simulated as the boundary of fixed flow (mentioned in the Section 4.3.1). Exploitation wells, reinjection wells, and observation wells are distributed in the study area and concentrated in the main subgeothermal fields. The location of exploitation wells, reinjection wells, and observation wells were taken to coincide as much as possible with the nodes of the discretization mesh. During the modeling period, 100 production wells were operated at withdraw rates ranging from 40 to 1000 m3/d. Daily averaged values of pumping rates were distributed over the corresponding nodes of the pumping wells. The temperature of the reinjection wells are set to be 35 °C, an average temperature of reinjection water [2]. The reinjection amount is given with the actual amount and the observation wells are set in the various positions of the subgeothermal fields.





5. Model Calibration and Results


The existing hydrogeological materials suggest that the bedrock geothermal reservoir in the Beijing plain area is a confined aquifer containing geothermal water. The numerical model describes the unsteady flow of geothermal water and heat migration occurring simultaneously in the system. It considers the influence of temperature on water viscosity and density, and the influence of concentration is ignored.



5.1. Element Subdivision in the Computational Domain and Time Discretization


The triangle algorithm is adopted to a conduct triangle mesh generation in a plane in the study area. To improve the accuracy, secondary mesh encryption is conducted in the main fault zone and near the main exploitation wells in the model. The plane grid (Figure 12) consists of 10,422 nodes in a single plane and 20,338 elements and there are 20 model layers in total.



According to long-term monitoring materials of thermal groundwater levels and well head temperature data in the study area, January 1971 to December 1999 is chosen to be the simulation period. In this period, there is just thermal groundwater exploitation without geothermal reinjection. January 2000 to December 2016 is chosen to be the verification period. In this period, geothermal exploitation and reinjection of the geothermal water are designed. The simulated time step is 30 days.




5.2. Paremeters


3D mathematic models describing groundwater flow and heat migration mainly contain such aquifer parameters as the coefficient of permeability, thermal coefficient of conductivity, porosity and specific storage. Parameter division (Figure 13) of the model domain are based on the geological characteristics of the Beijing plain area, the roof fluctuation of the geothermal reservoir, the rock types and the water yielding of different areas. The coefficient of permeability of the geothermal reservoir is calculated based on the pumping test data in the Beijing plain area. The coefficient of heat conductivity of the rocks is lacking in the study area, and it is estimated by “heat conductivity areal map of various rocks” [26] and “heat conductivity of different minerals” [27,28]. There are few data about porosity and specific storage in the study area, and these parameters are evaluated with empirical values.



The subdivision elements, initial conditions, boundary conditions, parameter partition, and initial values in the study area discussed above are used for numerical computation to get the groundwater level and temperature changes in each node in the simulation period. The groundwater level and temperature in the nodes of the observation wells are fitted with the actual measured values. Trial and error method is applied to repeatedly adjust various relevant parameters until satisfactory fitting results are obtained. Parameters used in the numerical model are listed in Table 5. The results show that the values of all the aquifer parameters are within a reasonable range. As shown in Table 5, the hydraulic conductivity in the study area ranges from 0.003 to 0.06 m/d. The values of hydraulic conductivity show a relatively low permeability in the deep geothermal reservoir in the Beijing plain area, and indicate a slow geothermal water flow and slow renewal. The reason why the permeability coefficient is small is that the entire karst geothermal reservoir is generalized as an equivalent porous media model, and the coefficients in the fractured aquifer are replaced by the equivalent parameters. Another reason may be that part of the exploitation amount in the research area has not been counted and the real exploitation amount is greater than that input in the model. In order to achieve the same decrease in depth of the groundwater level as the measured value, the parameters related to water yielding in the model are a bit less than the actual values.



In the fault zones, the fracture and karst developed well with broken bedrocks and sound water yielding, which can provide a good condition for geothermal water flow and storage. In this simulation, subdivisions 9, 10, 11, 12, 15, 29, 30, and 31 (Figure 13) are bedrock fractured zones with a relatively larger coefficient of permeability and better well yielding than other areas.




5.3. Simulation Result and Discussion


Since the 1970s, geothermal water exploitation in Beijing keeps on increasing. The geothermal water level in various subgeothermal fields dropped in varying degrees [2]. The simulated changes of thermal groundwater level are shown in Figure 14. The mean of residual error (M), root mean square deviation (RMS), and linear correlation coefficient (r) between the simulated water level and the observed water level in each geothermal field are calculated to evaluate the fitting between the simulated and observed values.


M=1N∑i=1N(cali−obsi)



(4)






RMS=[1N∑i=1N(cali−obsi)2]1/2



(5)






r=∑i=1N(cali−cal____)(obsi−obs____)(cali−cal____)2(obsi−obs____)2



(6)




where N is the number of observed values; cali is the calculated values of groundwater level; obsi is the observed values of groundwater level; cal____ and obs____ mean the average values of calculated values and observed values, respectively.



The calculated results are shown in Table 6. The values of M and RMS are less than 10% of the drop of thermal groundwater level during the whole simulation, indicating that the error between the calculated and the observed values is small. The linear correlation coefficient is close to 1, which indicates that the calculated values are highly correlated with the observed values. A satisfactory fitting is achieved; in this simulation, the model can reasonably reflect the process of geothermal water level decline.



The groundwater level in the Liangxiang subgeothermal field declines the most. In the overall simulation period (from 1971 to 2016), it drops by 94.17 m, with an annual average drop of 2.05 m. The exploitation quantity in the Dongnanchengqu subgeothermal field and the Xiaotangshan subgeothermal field is far greater than those in other subgeothermal fields. In the simulation period, their groundwater levels decrease by 80.98 m and 51.71 m, respectively, with an annual average drop of 1.76 m and 1.12 m. The exploitation of the Liangxiang subgeothermal field ranks third among the nine subgeothermal fields in the Beijing plain area. Although it cannot compete with the Dongnanchengqu subgeothermal field and the Xiaotangshan subgeothermal field, its exploitation is still greater than those of the other six subgeothermal fields. Fracture and karst development in this area is not mature, and water diversion and storage capacity are not good enough. Relatively large exploitation quantity and poor well yielding make the Liangxiang subgeothermal field have the fastest decrease in thermal groundwater level in the study area. Different drop rates of thermal groundwater levels in various positions indicate that thermal groundwater flow in the Beijing plain area changes from the native northwest–southeast flow to the cones of depression in groundwater level centering on the Liangxiang and Dongnanchengqu subgeothermal fields (Figure 15). In the simulation period, the temperature field slightly changes (Figure 16), and the temperature change in each observation point does not exceed 2 °C. Reinjection with constant temperature can just reduce the geothermal reservoir temperature surrounding the reinjection wells to a certain degree. The results show that the maximum scope of the influence of the temperature of reinjection wells is 2 km, which exerts only a slight impact on the temperature field.



According to the calculation data of the model, the mass balance of geothermal water in the past 45 years is shown in Table 7. The average recharge of geothermal water in the study area is 5021.1 m3·d−1 and the average discharge is 24,598.9 m3·d−1, leading to the negative equilibrium of 19,577.8 m3·d−1. The average exploitation amount is 21,803.4 m3·d−1, which is the main reason for the continuous decline of groundwater water level in Beijing.




5.4. Sensitivity Analysis


In the sensitivity analysis, the single parameter and flow value of boundaries are analyzed. The horizontal hydraulic conductivity (Kx and Ky), the specific storage (Ss), and flow value of boundaries are selected for uncertainty analysis. Based on the parameters in Table 5, each parameter and flow value are increased or reduced by 10% respectively, and the variation of thermal groundwater water level at the end of the simulation period is calculated (Table 8).



As shown in Table 8, when the specific storage is changed, the variation range of thermal groundwater level is the largest, indicating that the specific storage has the greatest influence on the simulation results than other parameters. The Dongnanchengqu subgeothermal field is less affected by the boundary conditions than other subgeothermal fields because it is located in the center of the simulation area and far from the simulation boundary. The effect of horizontal hydraulic conductivity on the simulation results of the Dongnanchengqu subgeothermal field and the Liangxiang subgeothermal field is larger than the boundary condition, while in the Xiaotangshan subgeothermal field and the Lisui subgeothermal field it is slightly smaller than the boundary condition.





6. Prediction and Analysis


With the increase in exploitation quantity of the thermal groundwater, excessive exploitation has become an issue in the development of geothermal resources in Beijing. After entering the 21st century, geothermal reinjection has notably increased, especially in the areas where thermal groundwater is being extensively exploited. Reinjection and exploitation are conducted at the same time to relieve the decline trend of the groundwater levels and good effect has been achieved. However, there is an increasing demand for geothermal resources, and exploitation of geothermal water will be ever-growing. Reasonable increase in exploitation and reinjection allocation must be considered now. The numerical model established above can be used to forecast the production performance of geothermal water in the thermal groundwater system.



Schemes with exploitation and reinjection are added to this simulation. A total of three prediction schemes are designed. Scheme 1 is to keep the existing exploitation intensity unchanged, and forecast the trend of groundwater level and temperature in the geothermal water system in the Beijing plain area without reinjection. Scheme 2 refers to keep the existing exploitation intensity and added reinjection intensity unchanged, and judge the influence of current exploitation conditions on the geothermal water system in the Beijing plain area. Scheme 3 involves to keep existing reinjection unchanged and adjust the exploitation quantity of the main exploitation wells in various subgeothermal fields to seek for the optimal exploitation scheme and keep the minimum drawdown of thermal groundwater level at the same time. All three schemes will last for 10 years from January 2017 to December 2026.



The boundary conditions and parameters in the three schemes are the same as those in the simulation period. The data of groundwater level and temperature at the end of the simulation period are used as the initial conditions. In Scheme 1, the exploitation quantity is the average value from 2006 to 2016 with no reinjection. In Scheme 2, a reinjection amount is added based on Scheme 1, which is the average value from 2006 to 2016. In Scheme 3, 30% of the total exploitation quantity of subgeothermal fields in the Dongnanchengqu, Xiaotangshan, and Liangxiang were cut and allocated to the rest of the six subgeothermal fields on average. The total exploitation and reinjection amount is the same as that in Scheme 2 (Table 9).



Simulation of the prediction model (Figure 17 and Figure 18) shows that in Scheme 1, the geothermal water level in the Dongnanchengqu, Xiaotangshan, and Liangxiang subgeothermal fields drop by 26.17, 20.21, and 23.51 m, respectively. In Scheme 2, 13.76, 11.78, and 13.8 m are obtained respectively, with a reduction of 12.41, 8.43, and 9.71 m than those in Scheme 1. In Scheme 2, reinjection amount and exploitation quantity in the Jixian System in this three subgeothermal fields account for 23.9%, 39.1%, and 10.9%, respectively. The results show that the reinjection can effectively slow down the descending speed of the geothermal water levels.



In Scheme 3, the geothermal water levels in this 3 subgeothermal fields drops by 11.87, 5.63, and 3.6 m, respectively, which are 1.89, 6.15, and 10.2 m less than those in Scheme 2. In the simulation of this scheme, geothermal water level in the Dongnanchengqu, Xiaotangshan, and Liangxiang subgeothermal fields drops the least of the three schemes. The cones of depression of thermal groundwater levels have a tendency to slow down. In Scheme 3, the ratio of reinjection amount to exploitation quantity in these three subgeothermal fields are 33.0%, 54.1%, and 15.6%, respectively. The results show that this exploitation scheme can effectively alleviate the speed of drop in thermal groundwater levels in these fields. Meanwhile, the total exploitation amount in Scheme 3 remains unchanged, suggesting that the other six subgeothermal fields are of geothermal potential to be further developed.




7. Conclusions


The Beijing plain area is underlain by low to medium temperature thermal groundwater of sedimentary basin type. The well head temperature of geothermal water ranges from 48 °C to 95 °C. Due to deep burial and relatively high temperature, the density of the thermal groundwater varies with temperature, leading to complicated changes in the hydraulic field and temperature field in such a geothermal system. When the system is numerically modeled, it is necessary to simultaneously describe thermal groundwater flow and heat migration. This article establishes a 3D unsteady flow model to simulate the spatial and temporal changes in thermal groundwater level and temperature under the artificial exploitation and reinjection in the study area from 1971 to 2016. Compared with common groundwater flow equation, the flow equation in this simulation contains the natural convection caused by the density variation and heat transport is mainly controlled by convection and diffusion. In the process of establishing the model, many problems have been encountered, such as there is no waterproof structure in the study area that can be treated as the simulated boundary, the great difference of roof elevation of thermal reservoir, the discontinuous strata, the lack of water level data in the initial stage of simulation, and so on. We solved these problems by choosing faults far away from the dense exploitation areas as the simulated boundaries, layering the model with the same thickness in the vertical direction and using the elevation data of the land surface as the initial groundwater levels. In this model, the elevation of −6100 m is chosen to be the model baseplate and the elevation of −4100 m water level is taken as a boundary to divide the upper and lower regions and each has 10 layers on average. The hydrological properties of different parts of the geothermal reservoir is shown by various parameters. Constant flow boundary and temperature boundary are adopted as the boundary conditions of the model. The boundary flow is calculated according to Darcy’s law, and the boundary temperature is obtained by analyzing temperature field data of the geothermal reservoir. In the numerical simulation, parameters of the geothermal reservoir are repeatedly adjusted until the geothermal water level and temperature are in reasonable agreement with the observed values. The simulation results of parameters show that the coefficient of permeability in the study area varies from 0.003 to 0.07 m/d and a larger permeability coefficient and greater heat conductivity are in the intensive structural development zones. The prediction calculations shows that (1) reinjection can effectively reduce the drop of thermal groundwater levels; (2) geothermal water level in the Dongnanchengqu, Xiaotangshan, and Liangxiang subgeothermal fields will drop by 13.76, 11.78, and 13.8 m, respectively, if the current exploitation quantity and reinjection amount are maintained (Scheme 2) for 10 years; (3) part of the exploitation can be allocated to six other subgeothermal fields with exploitation potential to slow down the cone of depression acceleration of groundwater levels. Since the 3D model has a high requirement of field observation data, which are hard to collect in practice, more elaborate numerical simulation are expected to be conducted in the future study.
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Figure 1. Map of the Beijing plain area, showing boundaries and faults in the study area. 1—Boundary between mountainous area and plain area in Beijing; 2—Fault; 3—Administrative boundary of Beijing; 4—Boundary of model area; F1—Huangzhuang—Gaoliying Fault; F2—Babaoshan Fault; F3—Chegongzhuang Fault; F4—Lianhuachi Fault; F5—Liangxiang–Qianmen Fault; F6—Chongwenmen Fault; F7—Nanyuan–Tongxian Fault; F8—Shunyi Fault; F9—Nangong Fault; F10—Xiaqian–Mafang Fault; F11—Yongdinghe Fault; F12—Taiyanggong Fault; F13—Nankou–Sunhe Fault; F14—Guan–Changli Fault; F15—Xianghe Fault. 
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Figure 2. Geological sketch map of the Beijing plain area, showing strata and their distribution. 1—Administrative boundary of Beijing; 2—Faults; 3—Boundary between mountainous area and plain area in Beijing; 4—Stratigraphic boundary; 5—Cretaceous System; 6—Jurassic System and Cretaceous System; 7—Jurassic System; 8—Carboniferous System and Permian System; 9— Ordovician System; 10—Cambrian System; 11—Qingbaikou System; 12—Jixian System; 13—Changcheng System; 14—Archean Erathem; 15—Intrusive rock (granite); 16—Intrusive rock (diorite). 
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Figure 3. Profile showing the Beijing depression, section location is indicated in Figure 2. 1—Quaternary System; 2—Neogene System; 3—Palaeogene System; 4—Cretaceous System; 5—Jurassic System; 6—Carboniferous System and Permian System; 7—Ordovician System; 8—Cambrian System; 9—Qingbaikou System; 10—Tieling Group of Jixian System; 11—Hongshuizhuang Group of Jixian System; 12—Wumishan Group of Jixian System. 
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Figure 4. Sketch profile showing formation of the thermal groundwater, section location is indicated in Figure 4. 1—Fault; 2—Rainfall; 3—Flowing direction of thermal groundwater; 4—Terrestrial heat flow; 5—Temperature contour; 6—Formation symbol; Q—Quaternary System; N—Neogene System; E—Palaeogene System; K—Cretaceous System; J—Jurassic System; C—Carboniferous System; P—Permian System; O—Ordovician System; Cm—Cambrian System; Jx—Jixian System. 
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Figure 5. Contour map showing the temperature at the elevation of −2000 m in the Beijing plain area. 1—Mountainous area; 2—Main roads in Beijing; 3—Fault; 4—Temperature contour; 5—Horizontal position of A–A’ section. 
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Figure 6. Location of the subgeothermal fields in Beijing. 1—Administrative boundary of Beijing; 2—Boundary between mountainous area and plain area in Beijing; 3— Boundary of each county in Beijing; 4—Boundary of each subgeothermal field; 5—Mountainous area; 6—Plain area; 7—Administration center of each county in Beijing; 8—Yanqing subgeothermal field; 9—Jingxibei subgeothermal field; 10—Xiaotangshan subgeothermal field; 11—Houshayu subgeothermal field; 12—Lisui subgeothermal field; 13—Liangxiang subgeothermal field; 14—Tianzhu subgeothermal field; 15—Shuangqiao subgeothermal field; 16—Dongnanchengqu subgeothermal field; 17—Fengheying subgeothermal field. 
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Figure 7. Contour of the elevation of the geothermal reservoir roof. 
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Figure 8. Sections showing layers of the geologic model, section locations are indicated in Figure 7. 
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Figure 9. Locations of the fluid flux boundaries. 
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Figure 10. Distribution of hydraulic heads of groundwater at the beginning of the simulated period. 
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Figure 11. Distribution of temperature of groundwater at the beginning of the simulated period. 
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Figure 12. Discretization in a plane of the simulation area. 
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Figure 13. Parameter division of the simulation area. 1-32 represent the number of partition for parameter. 
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Figure 14. Curves of the observed and simulated hydraulic heads during the simulated period, locations of the observed points are indicated in Figure 10. 
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Figure 15. Distribution of hydraulic heads of groundwater at the end of the simulated period. 
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Figure 16. Simulated temperature of different observation points in Layer 1 during the simulated period. 
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Figure 17. Curves of simulated hydraulic heads during the predicted period. 
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Figure 18. Simulated temperature of different observation points in Layer 1 during the predicted period. 
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Table 1. Characteristics of the basement aquifers in the Beijing plain area.
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	Age
	Formation Symbol
	Lithology
	Burial Depth to Top (m)
	Thickness (m)
	Temperature (°C)
	Hydrogeologic Unit





	Ordovician System
	O
	Dolomitic limestone
	200–2000
	850
	60–78
	Aquifer



	Cambrian System
	Cm
	Dolomitic limestone
	500–1500
	<500
	40–60
	Aquitard



	Qingbaikou System
	Qn
	Shale and quartz sandstone
	400–1000
	200-500
	/
	Aquifer



	Jixian System
	Jx
	Siliceous dolostone
	50–4000
	>2600
	38–88
	Aquifer
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Table 2. Geotemperature gradient of different strata.
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	Strata
	Formation Symbol
	Average Geothermal Gradient (°C/100 m)





	Quaternary System
	Q
	4.18



	Tertiary System
	T
	3.98



	Jurassic System
	J
	3.53



	Ordovician System
	O
	1.85



	Cambrian System
	Cm
	1.78



	Qingbaikou System
	Qn
	3.42



	Jixian System Tieling Group
	Jxt
	1.80



	Jixian System Hongshuizhuang Group
	Jxh
	4.80



	Jixian System Wumishan Group
	Jxw
	1.52
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Table 3. Statistical table of thermal ground water exploitation in the study area (unit: 10,000 m3).
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	Year
	1971
	1972
	1973
	1974
	1975
	1976
	1977
	1978
	1979
	1980
	1981
	1982
	1983
	1984
	1985



	Amount
	15
	30
	78
	105
	133
	187
	223
	233
	230
	304
	785
	890
	957
	1024
	776



	Year
	1986
	1987
	1988
	1989
	1990
	1991
	1992
	1993
	1994
	1995
	1996
	1997
	1998
	1999
	2000



	Amount
	766
	827
	843
	827
	910
	844
	867
	963
	885
	837
	877
	881
	980
	921
	799



	Year
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015



	Amount
	871
	890
	881
	804
	772
	718
	900
	938
	1289
	1436
	1417
	1420
	1350
	1380
	1350










[image: Table]





Table 4. Flow value of different boundaries.
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	Boundary Number
	Flow Value (m/d)
	Boundary Number
	Flow Value (m/d)





	1
	−4.32 × 10−6
	6
	1.3 × 10−6



	2
	−4.12 × 10−6
	7
	−2.5 × 10−6



	3
	9.6 × 10−8
	8
	−2.88 × 10−6



	4
	2.04 × 10−6
	9
	−3.02 × 10−6



	5
	1.7 × 10−6
	
	







d = day.
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