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Due to the temperature of shallow aquifers being affected by atmospheric

temperature, groundwater source heat pumps (GWSHPs) become unstable and

the operation efficiency of GWSHP is constrained. In the study, the coupling

numerical simulationmodel of the groundwater flow field and temperature field

is established based on the continuous monitoring results in an actual

experimental site, and the water and thermal migration of shallow aquifer is

simulated under the influence of the atmospheric environment. The influence

of the dynamic change in ground temperature is analyzed on a GWSHP.

The results indicated that the temperature of the shallow aquifer is affected

by the external temperature, and the recharge temperature in the summer

cooling period was 33°C, and that in the winter heating period was 6°C in

the actual site, to avoid the occurrence of thermal penetration when there is

a gap between the actual situation and the design situation, the single cooler

can balance the insufficient cooling capacity in summer under the most

unfavorable situation. The research results can also provide a reference for

the development and utilization of geothermal energy resources in shallow

aquifers.
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1 Introduction

The aquifer resource storage technology for building heating and cooling has been

widely used on a global scale. A shallow geothermal resource exists both below the surface

(generally less than 200 m depth) within a certain range of rock mass, groundwater and

surface water. The temperature is usually below 25°C (Wei, 2010). It is the product of deep

geothermal and solar energy, and now can be available for large-scale commercial

exploitation (Norio et al., 2003; Recep et al., 2004; Schneider et al., 2016; Ucar and

Inalli, 2005). Moreover, the development and use of efficient, innovative, low-carbon

heating and cooling technologies to reduce energy use and carbon emissions will bring

considerable environmental and economic benefits (Ismail et al., 2021; Mukhtar et al.,

2021; Shrestha et al., 2017).
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For a certain heating or cooling load, the demand volume of

heat carrier (water) amount is inversely proportional to the grade

in unit time. That is, the higher the water temperature, the

smaller the required water amount. Therefore, from the

perspective of the GWSHP system efficiency, the aquifer of

large water yield, high grade, and good permeability is

considered the preferred object (Masciale et al., 2015; Park

et al., 2015; Ramos et al., 2015; Zhou et al., 2015). On the

other side, considering water-resources protection, a good

permeability aquifer is preferred for recharge. So priority

aquifer is widespread distribution, large thickness, good

permeability and deeply buried (Sterling and Gordon et al.,

1960). The studies of groundwater geothermal energy

application mostly take these aquifers mentioned above as the

objects (Suzuki, 1960; Bredehoeft and Papaopulos, 1965; Kay and

Groenevelt, 1974). In the hydrogeology field, the thermal

Response Test (TRT) was simulated through Modflow/

MT3MS codes implementing into the model all the

components of a Ground Heat Exchanger system: from the

U-shaped BHE to the grout material surrounding it, and the

results showed that the effect of the grout is negligible, therefore

is advantageous to avoid modeling its geometry and thermal/

physical parameters (Alberti et al., 2016). In addition, a Darcy

flow is imposed across the medium. The typical operation of a

Borehole Heat Exchanger operating both in winter and summer

is simulated for 2 years, under different groundwater velocities.

From both the energy and the aquifer temperature field points of

view, the velocity ranges for the respectively negligible and

relevant influence of the groundwater flow are identified

(Angelotti et al., 2014).

These aquifers are only distributed in karst areas or plains

with a thick porous aquifer. However, the hilly areas which

distribute more extensively (two-thirds of the land area in

China) generally only develop shallow aquifers of small

thickness. It is not given enough attention to the research of

geothermal energy in such shallow aquifers. Vadose zone and

adjacent shallow aquifer are the dynamic links to the water

circulation system, which play a very important role in the

utilization of shallow geothermal energy and prediction of

contaminants migration. Because of huge water storage, high

yield and thermal energy production, shallow aquifers close to

habitation are easily accessible and reusable. Suzuki used the

transient method to calculate the transient change of shallow

groundwater in the vertical flow field on the condition of the

presence of intense day volatility atmospheric temperature

(Angelotti et al., 2014). The hydrothermal features of a

shallow aquifer under the effect of a GWSHP in the Italian

Piemonte administration were analyzed (Bredehoeft and

Papaopulos, 1965). Since 1985, shallow geothermal energy was

explored at a speed of more than 10% per year in the

United States. Currently, shallow geothermal energy home use

for heating (cooling) could account for 19% of commercial

buildings, and for 30% of the new construction.

By the joint action of gravity potential, temperature gradient

and moisture gradient, groundwater heat storage and transfer is

an important part of the hydrological cycle. There is a multitude

of research on soil water-heat migration law and the

mathematical model. A dual parameter mathematical model

to solve the thermally coupled problem of soil water and

groundwater had been established based on the microscopic

properties of porous media, mass conservation and energy

conservation principle to analyze the thermal transport

mechanism of soil water (De Vries, 1958; Philip, 1957; Philip

and De Vries, 1957). The soil moisture effect on the thermal

conductivity has been investigated through a series of

experiments (Horton and Wierenga, 1984). The simulation

technology of aquifer energy storage has been discussed and

the simulation accuracy has been improved by mixed finite

element simulation in soil water flow and heat transport

(Chounet et al., 1999; Mercer et al., 1982).

It is difficult to solve groundwater heat storage and transport

problems analytically due to their complexity. The irregular and

the in-homogeneous problem can be converted to regular and

homogeneous ones by numerical method, moreover, it is widely

used. The groundwater heat transfer simulation software

contains SWIFT, AQUA3D, SUTRA, HST3D, TOUGH2,

FEFLOW, etc. TOUGH2 is mainly used in underground

thermal energy storage, nuclear waste disposal, and

environmental assessment; it is also applied to numerical

simulation of multi-component, multi-phase flow of heat and

water migration, and solute transport in both porous and

fractured media medium under non-isotherm conditions.

Under the temperature gradient, multiple transport

mechanisms are studied by TOUGH2, and good stability and

accuracy are demonstrated by comparing the numerical

simulation results and experimental data (Lien and Wittmann,

1995). Also, a wide range of non-saturated water 3D simulations

are carried out using the applied form of parallel computing of

TOUGH2 (Zhang et al., 2003). TOUGH2 has been widely used in

geothermal power generation, geothermal heating simulation,

nuclear waste treatment process heat and mass transport. Fluid

migration is described by Darcy’s law of multi-phase, and solute

transport is depicted by the mass transfer multi-state transport

mode. The heat transfer can be used to simulate heat conduction

and thermal convection with consideration of the latent effect. In

recent years, a different method to simulate the heat transport

field in an aquifer throughmodflow-USG code is explored, which

is more effective in the calculation to simulate a larger area with

multiple BHEs. The connected linear network (CLN) software

package was introduced in modflow-USG. This method is

simpler and faster, and can reproduce the annual operation of

one or more BCH in the aquifer. The advantage is to estimate the

contribution of different GSHP systems in total aquifer thermal

perturbation, which is worthy of further study (Antelmi et al.,

2021). In addition, the heat transport mechanisms in the

quantification of shallow geothermal resources (Alcaraz et al.,
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2016), the grouting material on borehole heat exchanger’s

performance in aquifers (Alberti et al., 2017), and the thermal

response test with moving line sources (Antelmi et al., 2020) have

been conducted relevant research.

Generally, the development and utilization of shallow

geothermal energy are mainly focused on the abundant

groundwater aquifer with stable temperature. The aquifer

usually has greater thickness in plains areas, and less

thickness in hilly areas, which account for two-thirds of

China. In addition, the boundary and initial conditions

are more important for the hydrodynamic field and

temperature field. Therefore, it is necessary to study the

strategies for effective utilization of geothermal energy in

shallow aquifers, and the importance of boundary conditions

has been researched for mass and energy transfer solutions

(Lubryka and Malecha, 2017a,2017b; Malecha and Malecha,

2014; Shu et al., 2017). Shallow geothermal resource

exploitation not only has hydraulic and thermal effects on

the environment but also induces physicochemical changes

that can compromise the operability of installations (García-

Gil et al., 2016). And the seasonal alternate pumping is better

than the normal pumping but both produce heat transfixion

phenomenon by the hydro-geological conceptual model and

groundwater-thermal coupling model research. Thermal

perturbation produced in the subsurface represents a

complex transport phenomenon, including intrinsic

characteristics of the exploited aquifer, abstraction and

reinjection well features, and the temporal dynamics of

the accessed groundwater (Russo et al., 2018).

In plains regions, aquifers usually have abundant

groundwater with a stable temperature and a considerable

thickness. However, aquifers are usually thinner and

shallower in hilly regions, which occupy two thirds of

China. The temperature fields of aquifers are easily

influenced, especially by the atmospheric boundary

conditions. Therefore, it is necessary to study the

development and utilization of shallow geothermal energy

efficiently in those thin and shallow aquifers. For the above

reasons, the influence mechanism of the atmospheric

boundary on the shallow geothermal field was researched.

In addition, the shallow geothermal energy efficiently was

verified by the data of the monitoring of the GWSHP system.

In the actual experimental site, a heat-water coupled

numerical model was established to simulate the

geothermal dynamic variety in the shallow aquifer. The

parameter was presented to compare the designed

temperature in traditional experience and the geothermal

dynamic variety temperature. In the actual site, there was a

thermal penetration phenomenon, so the geothermal dynamic

variety was considered as a constraint condition to judge the

performance of GWSHP system. This study provides a

scientific understanding for the further exploitation of

geothermal energies in such shallow and thin aquifers near

rivers.

2 Materials and methods

2.1 The study area

The study area is located in Jingxian county, southeast of

Anhui Province, China. The south and northwest of the area

are hilly and mountainous regions and the central part is a

valley plain. The northern part of the area is higher than the

southern part and the western part is higher than the eastern

part. The study area is characterized by a subtropical monsoon

climate, with an average annual atmospheric temperature of

14°C and annual groundwater temperature of 17°C,

respectively. There are numerous rivers, abundant water

resources, and the annual precipitation is 1,551 mm. Qingyi

river is the main river across the central part of the area. The

formation of the study area belongs to Yangzi platform

formation includes Middle Proterozoic, Proterozoic, Lower

Paleozoic, Upper Paleozoic, Mesozoic, and Cenozoic. The

aquifers can be mainly classified as the fissure karst aquifer,

the fractured rock and loose rock pore aquifer. Precipitation is

the main recharge source of the porous aquifers. The

infiltration and recharge condition is good. The phreatic

water depth is shallow, generally is about 0.5–1.5 m, and

the level amplitude is 1–3 m. Groundwater runoff direction

is controlled by local topography, generally from the

piedmont to the river. Under natural conditions, the main

ways of phreatic water discharge are evaporation and lateral

outflow, and the confined water drains into rivers, as shown in

Figure 1.

The test site had been built in October 2011. It is in the

center of the study area and located on the first terrace of the

Qingyi river, which is a typical characteristic of the

formation of dual structure. The north boundary of the

test site is close to the Qingyi river, and the south

boundary is to the Southeast mountain. The whole

perimeter is 2.5 km, and the control area is about 0.4 km2.

The loose deposit is a typical dual structure with thickness of

10–20 m. The upper stratigraphic section is a sandy loam and

loam layer with a thickness of about 0–6 m and weak

permeability. The lower is gravel layer with a thickness of

6–16 m. The underlying bedrock is an argillaceous

conglomerate with poor water holding capacity, which can

be regarded as an impermeable layer. Owing to the good

permeability and rich water content, the gravel layer is

considered as the target aquifer for heat pump projects.

Therefore, because of the shallow burial depth, the water

temperature of the gravel layer is affected by atmospheric

temperature.
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2.2 The dynamic monitoring method

The main work of the test site includes five groundwater level

and groundwater temperature observation sites, one water level

and water temperature of Qingyi river observation site, one soil

moisture observation system and two soil water and ground

temperature monitoring systems with different buried depths,

which are shown in Figure 2. The observation data is collected by

labor and fixed automatic data acquisition equipment. The

variation of shallow groundwater energy fields can be depicted

by the groundwater temperature dynamic observational data of

each layer.

Soil water content and vadose water potential perform the

function of determining the moisture characteristic curve in the

unsaturated zone, the long-term observation data will be used to

validate the model. The groundwater temperature, air

temperature, soil moisture, and water potential data of the

vadose zone in the test site are recorded by sensors and

associated host systems against time. The main measuring

equipment includes a dual automatic temperature monitor

and Frequency Domain Reflectometry (FDR) soil moisture

meter (to collect soil moisture and water potential data), the

accuracy of the test equipment are shown in Table 1 and

schematic diagram is shown in Figure 2.

2.3 The numerical simulation of
groundwater flow and heat transfer

The theoretical basis of the groundwater thermal transfer

model is the groundwater flow equation, solute and heat

transport equation. The core of groundwater-heat transfer is

FIGURE 1
Regional hydrogeology map of the study area.
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seepage in groundwater flow and thermal transport theoretical

equation, based on the Three Conservation Law that is consists of

mass, momentum and energy conservation. Numerous previous

studies developed the classical theory of heat transfer in

groundwater flow (Bear, 1972; Marsily, 1986; Domenico and

Schwartz, 1998; Ing Eb Ritsen and Sanford, 1998; Deming, 2002).

Fundamental equation. Darcy’s law is the equation obtained

in the experiment, which describes the macroscopic flow pattern

of the fluid in porous media. In a homogeneous porous medium,

the Darcy’s law can be expressed as:

vi � Kij
zh

zxj
(1)

where vi is the groundwater flow velocity (m/s), Kij is

permeability coefficient (m/s), h is the groundwater head (m),

xj is space variables (m).

Fourier establishes the theoretical basis of heat conduction.

For a homogeneous solid, the heat passing through a given

section per unit time is proportional to the temperature

change rate perpendicular to the section and the section area.

That is, the heat flux is proportional to the temperature gradient,

and the direction of transmission is opposite to the direction of

temperature rise. The expression is :

qτ � −λij zT
zxj

� −λijgradT (2)

FIGURE 2
Schematic diagram of the distribution of frequency domain reflectometry probe (FDR probe, left side) and temperature probe (T probe, right
side).

TABLE 1 The accuracy of main experimental equipment.

Equipment Accuracy Measurement range

Dual automatic temperature monitor 0.1°C −20-100°C

Data acquisition unit CR800 0.33 μV ±5000 mV

Soil moisture sensor FDR 0.5% 10–300 cm depth
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where qτ is heat flux, λij is effective thermal conductivity (W/m

K), T is the temperature (°C), gradT is a temperature gradient in

space.

According to the principle of mass conservation, the change

of liquid in the equilibrium unit is equal to the change of liquid

mass in the unit considering the source and sink terms. The

groundwater continuous equation describing the dynamic

equilibrium of saturated groundwater is:

Ss
zh

zt
� z

zxi
(Kij

zh

zxj
) +W, i, j � x, y, z (3)

where Ss is the specific storage (1/m), h is the groundwater head

(m), Kij is hydraulic conductivity (m/s),W is the source and sink

term (kg/m3 s).

According to the principle of energy conservation (Zhu,

1990), the basic differential equation of heat migration in

porous media can be written as:

z

zt
{[θρwcw + (1 − θ)ρscs]T} � z

zxi
(λij zT

zxj
) − z

zxi
(ρwcwviT)

+ QT

(4)
where t is time (s), T is the temperature of groundwater (°C), xi
and xj are space variables (m), θ is the effective porosity, vi is the

groundwater flow velocity (m/s), ρw is the groundwater density

(kg/m3), ρs is the solid density (kg/m3), cw and cs are the specific

heat capacities of groundwater and solid (J/kg K), respectively. λij
is the coefficient of thermal conductivity (W/m K) and QT is the

source-sink term of heat (W/m3).

For the variations of groundwater hydrothermal migration

equation with enthalpy are the main variables. The first term on

the right side of Eq. 4 is the thermal dispersion caused by the

change of groundwater flow velocity in pore space, in addition,

the second term on the right side is the thermal convection

caused by groundwater flow (Ing Eb Ritsen and Sanford, 1998).

Hydrothermal coupling mathematical model
of porous media

Under appropriate and reasonable initial conditions and

boundary conditions, the above basic equations are combined to

solve the governing equations. Ignoring the time required for

thermal equilibrium between fluid and porous media, that is,

assuming that the temperature of porous media and surrounding

fluid are the same. The thermal dissipation caused by thermal

radiation, chemical reaction effect and viscosity are ignored,

moreover, the changes of physical parameters are also ignored,

such as hydrogeological parameters and thermophysical parameters

of fluid and porousmedia with temperature and fluid concentration.

As the above discussed, the groundwater solute transport

equation is comparable to the heat transport equation, therefore,

the energy transport equation in groundwater can be written as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

z

zt
{[θρwcw + (1 − θ)ρscs]T} � z

zxi
(λij zT

zxj
) − z

zxi
(ρwcwviT) + QT

T(x, y, z, t)|t�0 � T0(x, y, z), (x, y, z) ∈ Ω
T(x, y, z, t)|Γ1 � T1(x, y, z, t), (x, y, z) ∈ Γ1

λij
z

zn
T(x, y, z, t)|Γ2 � T2(x, y, z, t), (x, y, z) ∈ Γ2

(5)
where λij is effective thermal conductivity, T0 (x,y,z) is the initial

temperature, T1 (x,y,z) is the temperature on the first boundary

Γ1, T2 (x,y,z) is the heat flux on the second boundary Γ2, n is the

outer normal direction of the boundary Γ2,Ω is the research area.

Eq. 5 are difficult to give the analytical solution directly, which

can be solved by finite difference method or finite element

discretization method in the actual calculation.

2.4 The establishment of model

Groundwater water-thermal transport numerical simulation is

also the reflection of the true state of the constitutive equation. By

describing the head (pressure) of the model boundary or the

condition of flow boundary, indirect simulated groundwater flow,

porous media flow field, temperature field, solute field, etc. are

analyzed with the finite difference method, finite element method

or other fixed forms. In this paper, to discuss the influence of

atmospheric temperature on the shallow ground temperature field

of the river terraces, themodel is set up by TOUGH2 software (Pruess

et al., 1999; Stephen et al., 1995). The three-dimensional conceptual

model was established through the EOS3module of TOUGH2 under

unsteady non-isothermal conditions to simulate water and heat

transport in the shallow geothermal field of river terraces.

Geological model generalization and grid
subdivision

Based on the hydrogeological data of two exploration holes in the

test site, the exploration maximum depth was 130m. The pumping

and recharging wells group of GWSHP system were treated as the

model center during the simulation period in the experimental base,

and the north and south boundary are Qingyi river and Southeast

mountain, respectively. Qingyi river and Southeast aquifer pinch out

belt in the area was considered to be boundary conditions as both

sides of the model, the area of simulation is about 3.6 km2.

According to hydrogeological characteristics of the study

area, it was divided into three-layer groups: the first layer is

sub clay and the permeability is regarded as a weak permeable

layer, the thickness of about 6 m; the second was Pleistocene (Q1-

2) aquifer composed of sand gravel, the thickness of about 10 m;

and the third layer was on the third line of Anqing group (N2a),

the depth was 16–55 m with the bad water quality, so it could be

considered as impermeable layer group.

As to the hydrogeological and hydrodynamic conditions, the

simulation model was taken into regional non-homogeneous and
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isotropic, the same parameters could be regarded as

homogeneous sub-region, and groundwater flow obeys Darcy’s

law. Taking the calculation accuracy of the model into account,

the TOUGH2 polygon meshing was carried out automatically,

and refined near the pumping-recharge wells group. Setting each

grid cell area to be smaller than 200 m2 where the group locates,

while each one is beyond the scope of the group to be less than

1.5 × 105 m2. Meanwhile, the minimum angle between the grid

edges is supposed to be 30°. The vertical plane and mesh

generation models were shown in Figure 3.

Initial and boundary conditions
The initial conditions include the initial flow field and initial

temperature field in the simulation area. The underground flow

field is in a state of static equilibrium and the initial groundwater

level depth is about 4.5 m. The groundwater of the simulation

region flows from south to north, hydraulic gradient is about

2.5‰. The atmosphere boundary is to be the upper boundary, and

the data is determined by observation of automatic monitoring

equipment in the experimental base. The impermeable lower

boundary is set to be a predetermined temperature boundary.

Where the bottom boundary is considered to be the temperature

boundary and taken 18.5°C regarding lithologic. The northeast and

southwest border of the study area is supposed to be constant water

head boundary, head hydraulic gradient value is obtained from

linear interpolation. Qingyi river acts as the first boundary

condition, calculated by the average monthly water level in

given dry years, the opposite Southeast mountain is aquifer

pinch out belt, and treated as zero flux boundary which is

watertight compartment temperature boundary.

The layout scheme of pumping wells and
recharging wells

Eight pumping wells and sixteen recharging wells are designed

in GWSHP, and the single well distance is 40 m, the distance

between the pumping well group and the recharge well group is

110 m. The natural flow of groundwater flows from the mountain

boundary to the given head boundary of the river. The pumping

wells are arranged downstream of the flow field, and the recharge

wells are arranged upstream of the flow field. The well locationmap

is shown in Figure 3.

The experimental study for model parameters
Coefficient of soil physical properties, soil water content is

monitored regularly by FDR soil moisture instrument, infiltration

coefficient can be obtained by seepage test and permeability

coefficient is obtained by pumping test. Soil particle analysis

experiment, representative exploration wells were selected in the

FIGURE 3
Model subdivision diagram.
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base and a set of sand and soil samples in each layer of each well

have been taken. There were three layers of three holes numbered

A, B, and C, so nine groups have done. Soil samples of holesAwere

taken from the piedmont test point, holes B were taken from the

pilot where the heat pump system was located, and holes C were

taken from the edge of the Qingyi river test point. The samples

were sent to specialized laboratories for analysis of soil particles

test, thus to describe particle size distribution. Then computed

specific heat capacity, thermal conductivity, and other soil thermal

parameters by particle size distribution results. The experiments

combined sieve analysis and hydrometer method to conduct

seepage test and pumping test. The climate data and

groundwater level data are shown in Figure 4A, moreover, the

variation curve of groundwater temperature and atmospheric

temperature was mapped based on the data collected from

typical observation wells, which are shown in Figure 4B.

The monthly average atmospheric temperature ranges from

1°C to 28°C, while the groundwater temperature ranges from 16°C

to 19°C. From Figure 4, there was a similar trend between air

temperature and groundwater temperature. However, the

atmospheric temperature has a hysteresis effect on groundwater

temperature because atmosphere temperature keeps rising in July

and August, while groundwater temperature decreases instead.

2.5 The spatial-discrete and time-discrete

Subsequent versions of TOUGH2 are suitable for

unsaturated groundwater flow and heat flow migration, and it

provides 10 different states of fluid equations called EOS

(equation of state) models, which are widely used (Finsterle,

1999).

TOUGH2 uses the integral finite difference method IFDM to

solve the groundwater flow and heat transfer coupling problem,

and the basic mass and energy conservation formula can be

written as the same form.

z

zt
∫

Vn

MkdVn � ∫
Γn

FkndΓn + ∫
Vn

qkdVn (6)

where Vn is the closed area of Γn,M
k is the accumulation of mass

or energy, k is different mass components or energy sources, Fk is

the mass flow or heat flow, qk is the source sink.

Spatial discretization is to use a set of limited discrete

points instead of the original continuity equation on Vn, and

the calculated regions are divided into many non-overlapping

sub-regions. As explained by the instructions of TOUGH2, the

spatial discretization methods is:

∫
Vn

MdV � VnMn (7)

where Mn is the average value of M on the region of Vn.

The surface integral is approximately discrete into the sum of

the average value over the surface segment:

∫
Γn

FkndΓn � ∑
m

FnmAnm (8)

where Fnm is the normal component on the surface segment Anm

of the F in between Vn and Vm.

For Eq. 6, the TOUGH2 is discrete in time via a one-

dimensional finite difference:

zMK
n

zt
� 1
Vn

∑
m

AnmF
K
nm + qKn (9)

The right side of the Eq. 9 are the fluid flux and source

terms, respectively. The implicit difference scheme

solution requires more computational time than the explicit

format, but requires a lower step size and is mathematically

more stable. TOUGH2 uses a one-dimensional implicit

differential scheme to increase the stability, and a series

of nonlinear discrete equations is obtained when

calculating the multiphase flow water and thermal coupling

model:

Rk,k+1
n � Mk,k+1

n −Mk,k
n − Δt

Vn

⎛⎝∑
m

AnmF
k.k+1
nm + Vnq

k,k+1
n

⎞⎠ (10)

FIGURE 4
The monthly average monitoring data. (A) climate data, (B)
temperature data.
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where Rn
k,k+1 is the residual error. In the initial version of

TOUGH2, Newton-Raphson iteration method was used, while

for the pathological equation, the multiple iteration methods was

added in the model including preconditioned conjugate gradient

method in actual complex problems. In addition,

TOUGH2 provides automatic adjustment time steps according

to the convergence speed of the iteration process according to the

complexity of multiphase flow.

3 Results and discussion

3.1 Model verification

To verify the accuracy of the model, the temperature change

was simulated and compared with the measured data to analyze

the fitting degree, and thermal physical parameters of porous

medium are shown in Table 2.

In the study, the root mean square error (RMSE) was used as a

fitness criterion to estimate the quality of fit (Luo et al., 2014;

Wagner et al., 2012).

RMSE � ⎡⎣∑n
i�1

(Mi − Si)
n

⎤⎦0.5 (11)

whereMi is the measured value, Si is the simulated value, n is the

number of measurements.

In order to verify the accuracy of the model, the temperature

change was simulated and compared with the measured data in

2011 to analyze the goodness of fit. The model verification results are

shown in Table 3, Table 4, and Figure 5.

As shown in Figure 5, the temperature variation is greatly

influenced by the atmospheric temperature, and the maximum

temperature variation is about 26°C at a depth of 40 cm, while

that value is 15°C at a depth of 160 cm, and the maximum

temperature variation in the soil decreases to 8°C, with the

highest temperature at 260 days at a depth of 320 cm.

TABLE 2 Hydrogeological and physical properties implemented in the model.

Parameter Value Unit

Layer 1 (silty clay) Layer 2 (Gravel) Layer 3 (Conglomerate)

The buried depth from the ground of each layer 0–6 6–16 16–129 m

Longitudinal thermal dispersivity (αL) 10 10 10 m

Transverse thermal dispersivity (αT) 1 1 1 m

Effective porosity (θ) 0.30 0.15 0.01 ‑

Specific storage (Ss) 0.0001 0.0001 0.0001 1/m

Horizontal hydraulic conductivity (Kxx = Kyy) 0.02 25 0.001 m/d

Vertical hydraulic conductivity (Kzz) 0.002 2.5 0.0001 m/d

Solid thermal conductivity (λs) 1.1 1.5 1.4 W/(m K)

Aquifer thermal conductivity (λw) 0.7 0.7 0.7 W/(m K)

Volumetric solid heat capacity (ρs cs) 2.1 2.9 2.0 MJ/(m3 K)

Volumetric aquifer heat capacity (ρw cw) 4.2 4.2 4.2 MJ/(m3 K)

TABLE 3 The summary of fitting results between simulation and measured data.

The buried depth from the
ground (cm)

Minimum (°C) Maximum (°C) Mean value (°C) Standard deviation Variance

320 Measured 14.52 22.10 18.41 2.69 7.27

Simulation 14.73 21.60 18.30 2.45 6.03

160 Measured 10.98 25.96 18.27 5.13 26.42

Simulation 10.82 25.49 18.28 5.07 25.57

40 Measured 5.60 30.08 18.61 7.68 59.06

Simulation 5.60 29.98 18.48 7.51 56.52
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From Table 4, the results show that the average absolute error

between the numerical simulation results and the actual situation is

not greater than 0.71°C, and the acceptable error is estimated to be

3.8% of the measured values (Sheldon et al., 2015), and the model is

consistent with the actual situation. Relatively speaking, the variation

range ofmeasured values is slightly larger than the simulation results,

which may largely be due to the surrounding artificial influence.

3.2 Modeling results

According to the actual meteorological characteristics of

Jingxian county, the simulation period is set as 1 year,

followed by 60 days of heating period in winter, 90 days of

intermittent period, 120 days of cooling period in summer,

and 90 days of intermittent period. In the process of

engineering operation, the designed single well pumping rate

and recharging rate are 30 m3/h and 15 m3/h, and the number of

pumping well and recharging well are 8 and 16, respectively.

The reinjection constant temperature was 33°C in the summer

cooling period and 6°C in the winter heating period. The

TOUGH2 software is used for simulation. It is assumed that the

TABLE 4 The goodness of fit checklist.

Items (cm) Decision coefficient Correlation coefficient RMSE

320 Measured and Simulation 0.99 0.95 0.06

160 Measured and Simulation 0.98 0.94 0.52

40 Measured and Simulation 0.98 0.92 0.71

FIGURE 5
Fitting diagram of measured data and simulated data. (A) the
buried depth is 40 cm, (B) the buried depth is 160 cm and (C) the
buried depth is 320 cm.

FIGURE 6
Process line of aquifer temperature change near mining well
of GWSHP.
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GWSHP system operates for 24 h per day normally throughout the

simulation period. According to the analysis of the temperature

change of the aquifer near the mining well, which are shown in

Figure 6, the temperature of the aquifer near the reinjection well

decreases rapidly in winter, and the downward trend gradually slows

down around 40 days with stabilizing at about 7°C, while the

temperature near the reinjection well rises rapidly and gradually

becomes stable around 200 days, with the maximum temperature of

about 30°C. For the aquifer near the pumping well, the thermal

penetration occurs due to the influence of flow field. The

temperature of the aquifer near the pumping well decreases to

15°C in winter and increases to 24°C in summer. The trend of

temperature change in reinjection well is similar to that near the

pumping well, and the occurrence time of the lowest temperature

and the highest temperature are basically the same to that near the

pumping well.

At the end of the heating period, a local water level

drawdown funnel is formed near the pumping well. The

range of water level drawdown is about 1 km2, and the

influence range of drawdown greater than 1 m is 0.2 km2.

The maximum drawdown near the center of the pumping well

is about 3.5 m. Correspondingly, a local water level rise area is

formed near the recharge well. The range of water level rise

area is about 0.3 km2, and the influence range of water level

rise greater than 1 m is about 0.1 km2. The maximum value of

water level appreciation near the recharge center is about

2.6 m in Figure 7A. At the end of the cooling period, the

maximum influence range of water level is about 1 km2, the

influence range of water level drawdown greater than 1 m is

0.2 km2, and the maximum drawdown near the center of the

pumping well is about 3.5 m. The local water level rise range

near the recharge well is about 0.4 km2, and the influence

range of water level rise greater than 1 m is about 0.1 km2. The

maximum value of water level rise in the center of the recharge

well is about 2.9 m in Figure 7B. The change rule of water head

in cooling period and heating period is consistent.

FIGURE 7
Water head change contour map of water source project. (A) the end of the heating period, (B) the end of cooling period.

FIGURE 8
Isoline diagram of aquifer temperature change. (A) the end of the heating period, (B) the end of cooling period.
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Figure 8 is the contour maps of aquifer temperature change at

the end of heating period and cooling period of water source

engineering, respectively. At the end of the winter heating period,

heat breakthrough occurs near the pumping well, the water

temperature in the center of the pumping well decreases

about 3°C, and the influence range is about 0.3 km2 when the

falling temperature is greater than 1°C. At the end of the summer

cooling period, due to the operation of the cooling period for

4 months, the heat accumulation effect of the recharge is more

obvious, which is manifested in the greater range of temperature

change, and the range of temperature influence is expanded

compared with the heating period. The thermal breakthrough

occurred near the pumping well, and the water temperature in

the center of the pumping well increases about 5°C, and the

influence range is also about 0.3 km2 when the rising temperature

is greater than 1°C in the mining area.

Figure 9 shows the isolines of temperature change of buried

depth 80 cm, 160 cm and 320 cm. It can be seen that the influence

of GWSHP on the unsaturated zone of shallow aquifer mainly

depends on the temperature gradient of the system. In the

cooling period and heating period, the temperature of the

unsaturated zone changes with the change of the aquifer

temperature. However, the temperature change rapidly

decayed below 0.5°C at the depth of 80 cm. Therefore, the

influence of GWSHP is small on the aeration zone in Jingxian

county, and it can return to normal temperature in the

intermittent period, which will not affect agricultural production.

The model is used to simulate the GWSHP system in shallow

aquifers, the hydrogeological and groundwater velocity are

analyzed. Since the cooling period was 4 months, the heat

accumulation effect is more obvious caused by reinjection (Luo

et al., 2015), which is manifested in the larger range of temperature

change, and the range of temperature influence is expanded

compared with the heating period. In addition, according to the

exciting research, for velocities equal to 10−6 m/s and larger, an

important increase in the exchanged energy with respect to the null

velocity. The increase is generally nonlinear, and the extracted heat

increases more than the injected heat in the first year. While for

velocities equal to 10−6 m/s and larger, the second year data are

almost coincident with the first year (Angelotti et al., 2014).

Considering the thermal penetration phenomenon, the GWSHP

must increase the amount of pumping and irrigation, but due to

the actual site conditions limit requirements, the region can not

meet the greater water demand, so it is necessary to increase the

auxiliary cold and heat sources tomake the air conditioning system

stable operation.

3.3 Constraints of groundwater
temperature dynamics on the
groundwater source heat pump

For the groundwater, with a certain temperature, the

required total pumping rate for the GWSHP system was

FIGURE 9
Temperature change contour map of buried depth at the end of heating period and cooling period, (A) and (B) are at the -80 cm depth, (C) and
(D) are at the -160 cm depth, (E) and (F) are at the -320 cm depth.
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established according to Eq. 12 (Al-Zyoud et al., 2014). Take

the summer cooling conditions as an example:

Qp � Qh

ρwcw(Tr − Tp) (12)

where Qp is the pumping rate (m3/s); Qh is the heating load (W),

cw is the volumetric heat capacity of groundwater (J/kg °C), ρw is

the groundwater density (kg/m3), Tr is the recharging water

temperature (°C), Tp is the pumping water temperature (°C).

In the actual site. The main factors affecting the water

demand of the GWSHP are the required cooling and heating

load, the input power of the unit and the temperature difference

of the groundwater. For a certain building load, the required

groundwater pumping rate is:

⎧⎨⎩ Qs
p � nkh(Qs

h + Qs
T)/(Ts

r − Ts
p)

Qw
p � nkh(Qw

h − Qw
T)/(Tw

p − Tw
r ) (13)

where Qp
s and Qp

w are the pumping rate in summer and winter,

Qh
s and Qh

w are the designed load value in summer and winter,

QT
s and QT

w are the input power value in summer and winter, Tr
s

and Tr
w are the recharging water temperature in summer and

winter, Tp
s and Tp

w are the pumping water temperature in

summer and winter, kh is the unit heat conversion coefficient,

and kh = 3600/4187 in the study case, n is the number of heat

pump units.

For the actual case study, GWSHP parameters in different

conditions are shown in Table 3, the design cooling load and

heating load are 5508 KW an and 3948 kW, respectively. In

addition, two heat pump units are in operation. According to

the heat pump type, the cooling capacity and rated power are

1854 KW and 316 KW in summer, the heating capacity and rated

power are 2032 KW and 435 KW in winter, respectively. The

annual coefficient of performance (ACOP) is 5.57. The

groundwater temperature difference is 12°C in winter and

15°C in summer. According to Eq. 13 and Table 5, Qp
s = 249

(m3/h) and Qp
w = 229 (m3/h).

According to the pumping test, the maximum groundwater

pumping rate of the pumping well is 30–40 m3/h under the

condition of 100% reinjection. In actual operation, the

groundwater pumping rate of the pumping well is 30 m3/h

and the reinjection volume is 15 m3/h. Therefore, the number

of pumping wells is 8 and the number of reinjection wells is 16. In

conclusion, the design water consumption is 229 m3/h, which is

reasonable. In addition, the target study layer has good

permeability and the buried depth of groundwater static water

level is about 4.5 m underxmining conditions, which can be used

by pipe well vacuum recharge. It is assumed that the GWSHP

runs normally for 24 h every day during the whole simulation

period, the recharge temperature in the summer cooling period

was 33°C, and that in the winter heating period was 6°C

considering the most unfavorable situation. Finally, this

project intends to take winter heating water demand as the

maximum water demand of the system, and increase the

single cooler to balance the insufficient cooling capacity in

summer, the rated power of single cooler can be selected as

1839 KW for the building demand.

In general cases, in the summer cooling and winter heating time

under the mid-latitude area as Anhui, the highest return water

temperature allowed is 33°C and that the lowest is 6°C, respectively,

and the temperature of groundwater is generally 18°C. Moreover, in

the sameworking conditions, it would be a shortage of systemdesign

water capability, when the groundwater temperature changes in a

certain range. Groundwater temperature increases in summer, while

reduces in winter, it is a contrast to the heat pump system

requirements.

TABLE 5 GWSHP parameters in different conditions.

Operating mode GWSHP design Heat pump units Unit

Capacity Rated power

Cooling condition 5508 1854 316 KW

Heating condition 3948 2032 435 KW

ACOP 5.57

TABLE 6 The comprehensive table of the target aquifer simulation results.

Research object Minimum (°C) Maximum (°C) Mean value (°C) Standard
deviation

Variance Kurtosis
coefficient

Target aquifer 16.88 18.74 17.75 0.66 0.22 −1.43
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From the above model to calculate the annual change of

average temperature of the aquifer, the average groundwater

temperature ranges between 16.88°C and 18.74°C based on the

groundwater level and dynamic monitoring data, which is shown

in Table 6 and Figure10.

In Table 6 and Figure10, it is clearly shown that the annual

change of average temperature of the aquifer between 16.88°C

and 18.74°C, that is, it is reasonable to choose 18°C as the

design groundwater temperature of the GWSHP system with

actual site conditions, and the specific design calculation is

described below in detail.

Comparing actual groundwater temperatureT to the design value

(in this case taking Td = 18°C), there is a temperature difference △T

(△Ts in summer, while△Tw in winter). The relationship between the

proportion of water demand increment and the variation amplitude

of groundwater temperature can be used δs in summer and δw in

winter represents, respectively.

{ δs � ΔTs/[T s
max − (Td + ΔTs)]

δw � ΔTw/[(Td − ΔTw) − T w
min ] (14)

According to Eq. 14, there is a positive correlation between

the variation amplitude of groundwater temperature and the

increment proportion of water required by the system, and the

relationship is shown in Figure 11.

From Figure 11, it is a reliable linear relationship between△Ts

and δs, △Tw, and δw, respectively, thus, the increment of water

requirement can be judged by the variation of groundwater

temperature in winter and summer, in addition, it is reliable to

determine the influence of system mining scheme by δs and δw. In

southern China, the surface water system is developed, and the

depth and flow of rivers are generally large. The annual rainfall is

concentrated in summer, and the river water level is relatively high

during the cooling period. Generally, the first layer is sandy loam

or clay, and the second layer is sand or gravel, so the hydraulic

conductivity of the aquifer near the river is relatively large, and the

extracted heat increases more than the injected heat in the first

year, thus, GWSHP can take the heatingwater demand in winter as

the maximumwater demand of the system, and the single cooler is

added to balance the insufficient cooling capacity in summer.

Through the above research, the GWSHP system in a specific

area near the river may be a better choice compared with the surface

water source heat pump system (Xiao et al., 2006), because the water

temperature is relatively stable and the water quantity is abundant. In

addition, when the water level of the river is high, the GWSHP system

will not affect the river temperature. Considering cities built along

rivers, the requirements for cooling load or heating load are very high.

Therefore, the method proposed can be widely used in areas near

rivers in southern China.

4 Conclusion

In this paper, the hydrothermal migration of shallow aquifer

under the influence of the atmospheric environment is simulated

based on the mechanism of hydrothermal migration, and the

influence of seasonal changes in the atmospheric environment on

the temperature field of the shallow aquifer is analyzed. In addition,

the numerical simulation model is established by relying on the

experimental base of the GWSHP which is constructed on the first

terrace of Qingyi River. Moreover, the impact of the dynamic change

of groundwater temperature on themining scheme design and system

operation of the GWSHP is studied. Through the research, this paper

draws the following conclusions:

1) The shallow groundwater temperature is similar to the

atmospheric temperature and changes periodically. In the

geothermal field of shallow aquifer, the amplitude of

groundwater temperature affected by the atmospheric

temperature decreases with the increase of buried depth and

the decrease of groundwater vertical flow velocity.

FIGURE 10
Simulation process curve of average temperature of target
aquifer.

FIGURE 11
Relationship curve between the variation amplitude of
groundwater temperature and the increment proportion of water
required by the system.
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2) The operation of the GWSHP has a certain range of influence on

the groundwater flow field and temperature field in the

experimental study area. The maximum influence range on the

groundwater level is about 1 km2, and the maximum range is

about 0.3 km2 when the temperature variation is greater than 1°C.

The phenomenon of heat penetration occurs near the pumping

well at the end of the heating period, moreover, at the end of the

cooling period, there is an obvious heat accumulation effect near

the reinjection well.

3) The actual observed dynamic variation range of groundwater

temperature deviates slightly from the design value, which

will inevitably affect the design water volume of the GWSHP.

In the future design of the GWSHP, the influence of

groundwater temperature change on the design water

volume in the system should be considered to optimize the

design scheme.

4) The groundwater temperature dynamic variation should be

considered as a constraint condition to judge the performance

of the GWSHP. To avoid the occurrence of heat penetration, the

sensitivity analysis can be implemented to decrease the risk of

freezing in case of changing conditions (thermal plumes, asphalt,

buildings, and various structures).

5) A large number of hydrogeological data are needed to

establish the numerical model, to simulate the

hydrothermal coupling process more accurately, it is

necessary to consider the time variation and spatial

variability of parameters, which requires further

geological exploration and data collection to improve

the accuracy of simulation results. The results of the

research process and numerical model can provide a

reference for the design of the GWSHP system in the

shallow and thin aquifers near rivers.
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