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Abstract: Shallow geothermal energy (SGE) is a renewable energy source that has the advantage of
being low-cost, clean, and locally sourced compared to fossil fuels, and is thus significant for China
to achieve its future goals of carbon peaking and carbon neutrality. However, determining how to
improve the operational efficiency of SGE systems is a key factor in the sustainable development
and utilization of geothermal energy. This study examined the long-term operational efficiency
of SGE systems and applied numerical simulation methods of hydro-thermal coupling to a SGE
utilization project in Shandong Province, China. The effect of the distribution of pumping and
injection wells on the operation efficiency of the SGE system was analyzed, and the parameter of
operation efficiency, defined by the ratio of the practical minable shallow geothermal energy to the
theoretical shallow geothermal energy, was applied to quantify the operation efficiency of the SGE
system. The simulated results show that the phenomenon of heat transfixion is significant in the
current operation scheme, where one of three pumping wells is located downstream of the study area,
which indicates that the local groundwater flow field mainly controls the operation efficiency of the
SGE system. In the optimized operation scheme, the distribution of pumping and injection wells can
be adjusted according to the feature of groundwater flow and temperature fields. The degree of heat
transfixion significantly declines and the operation efficiency increases by 71.5%. In addition, further
improvements in the operational efficiency of the SGE system can be considered through the running
time. The findings of this paper will be useful for the construction and management of SGE systems.

Keywords: groundwater; shallow geothermal energy; water source heat pump; heat transfixion;
operation efficiency; numerical simulation

1. Introduction

Shallow geothermal energy (SGE) is geothermal energy from 200 m below the Earth’s
surface. The SGE system can provide clean, secure, abundant, and economical energy [1],
and is thus vital to reducing carbon dioxide emissions. Carbon dioxide is a major cause of
global warming and the Paris Agreement on Climate Change (2015) recommended that all
countries should reduce carbon dioxide emissions, mainly from fossil fuels, to limit global
temperature rise to 1.5 ◦C above pre-industrial levels. Therefore, the Chinese government
plans to reach peak carbon dioxide emissions by 2030 and be carbon neutral by 2060 [2].
One of the effective ways to achieve the above goal is to vigorously develop SGE. SGE could
make a significant contribution to reducing CO2 emissions and the gradual replacement of
fossil fuels, while ensuring sustainable socio-economic development.

SGE is used in many countries, with a rising number of installations in recent decades; SGE
systems have been developed and utilized in 40 countries [3]. SGE accounts for 59.2% of direct-
use geothermal energy consumption per year in the world, and the total installed capacity and
energy production are 77,547 MWt and 599,981 TJ, respectively [4]. According to a report by the
International Energy Agency (IEA, 2021), the number of heat pumps has grown 10% per year in

Water 2023, 15, 1409. https://doi.org/10.3390/w15071409 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15071409
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-6565-9357
https://doi.org/10.3390/w15071409
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15071409?type=check_update&version=2


Water 2023, 15, 1409 2 of 15

the last 5 years, and by 2050, geothermal energy production will reach about 100~210 TWh/y [5].
About 7000 TWh/y of SGE could be utilized in 31 provinces of China, reducing the emissions
by 6.1 × 108 t/y CO2, 1.98 × 106 t/y SO2, and 6.1 × 108 t/y nitride [6]. SGE of heating/cooling
systems has a coefficient of performance higher than 1, specifically between 3 to 7. This shows
that the SGE system can produce more clean energy by consuming little electricity, thus reducing
CO2 emissions indirectly [7], although the initial construction cost of the SGE system is higher
than that of the traditional heat-exchanging system [8].

Determining how to improve the operational efficiency of SGE systems is vital to the
sustainable utilization of geothermal energy. The focus of researchers and engineers exam-
ining the sustainability of SGE systems is on system thermodynamics and the optimization
of installation and operation stages, which can affect the energy exchange efficiency of
SGE systems during the operation period. Andrea Aquino et al. showed that the factors
affecting the sustainability of SGE systems were mainly the climate and ground properties,
the installation operations, and the maintenance of the refrigerant circuit and the serviced
building, and the optimization of installation and operation stages can improve the SGE
system [9]. Furthermore, the efficiency of the SGE system can be mainly controlled by
the quality and quantity of the groundwater, the choice of aquifers and filter pipes, the
distance between hot and cold wells, and the location of wells [10]. Chang and Kin [11] con-
firmed that the thermal conductivity of the vertical closed U-loop ground heat exchanger
increases with the increase in the larger diameter of the tube. A new innovative borehole
heat exchanger structure comprising one outlet and three inlet pipes was proposed, and
the experimental results showed that the average circulating water temperature of the
structure was 1 and 3.7 ◦C lower than that of the traditional single-U and double-U systems,
respectively [12]. The thermal conductivity of materials transferring the heat from the
pipe and the earth was analyzed, and results showed that the temperature increase on the
borehole wall of the inclined pipe could be 10–35% lower than that of the vertical pipe,
showing that the structure can affect the SGE system’s long-term performance [13]. The
installation costs were evaluated by the validated capacitance–resistance numerical model,
considering the factors of the borehole diameter of the helical coil, the depth of the helical
coil, and the spacing [14]. The parameter of COP was optimized using a methodology
that operated on both heating and cooling models, and the maximum COP values for
only heating and cooling operations were 4.25 and 3.32, respectively [15]. The method of
life cycle assessment (LCA) was applied to assess the impact of the SGE system on the
environment, mainly with respect to manufacturing, transportation, operation, energy
consumption, and air emissions to the environmental system [16].

In particular, the operation efficiency of the SGE system is affected by heat transfixion
from the groundwater between injection wells and pumping wells [17]. Regional hydrogeo-
logical conditions, the spatial distribution, and the operation scheme of pumping/injection
wells have a significant impact on the phenomenon of heat transfixion [18]. However,
determining how to improve the operation efficiency based on the design of pumping and
injected wells, and how to quantify the operation efficiency of the SGE system during the
cooling and heating period, has not been reported.

Therefore, an example of the SGE system was analyzed using the hydro-thermal
coupling simulated mode in Shandong province of China. In this study, the groundwater
flow and temperature fields with different spatial distributions and the operation schemes
of pumping/injection wells were studied to assess the phenomenon of heat transfixion,
and to propose optional operations for the SGE system. Firstly, the meteorology, hydrology,
hydrogeology, and operation of the SGE system are introduced. Secondly, the mathematical
model containing the groundwater flow and thermal transport codes, and the simulation
scheme, are shown. Then, the simulation results of the current operation scheme and the
improved operation scheme are analyzed. Lastly, the degree of heat transfixion and the
accumulated minable shallow geothermal energy are discussed, and the main conclusions
are presented, which may be valuable for SGE system operations.
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2. Study Area
2.1. Meteorology and Hydrology

The SGE system was installed in 2017, in Zibo city, Shandong Province, China. The study
area has a length and width of 1000 m, and is located in the flat topography of the Piedmont
plain area. The SGE system is located in the center of the study area (Figure 1). The annual
rainfall is 608 mm, concentrated from June to September. The annual average temperature is
12.2 ◦C, and the highest value of 26.2 ◦C and the lowest value of −3.8 ◦C occur in July and
January, respectively. In addition, the nearest surface water is Taigong Lake, about 7.5 km away,
which will not be affected by the long-term operation of the SGE system.
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Figure 1. Study area and SGE system.

2.2. Hydrogeology

The study area is located in an alluvial-proluvial fan where the main lithologies of
the confined aquifer are sand gravel and cobble gravel. The thickness of the aquifer is
generally 50–100 m in the south, 150–200 m in the middle, and 300–350 m in the north. The
water yields of single wells in cobble gravel and sand gravel aquifers are over 5000 and
1000–5000 m3/d, respectively. The groundwater flows from south to north, i.e., from the
mountain to the plain. The rainfall is the main recharge, followed by river seepage recharge
and irrigation recharge. Local groundwater is mainly used for agricultural irrigation and
centralized urban water supply. The hydro-chemical types of groundwater are HCO3-Ca
and HCO3-Ca·Mg, with a degree of mineralization of 297–368 mg/L and a pH of 7.4–8.0.
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2.3. Operation of the Shallow Geothermal Energy System

The SGE system in the study area could provide energy for an office building and
hotel in summer and winter, with a heating and cooling area of 19,652.73 m2. The cooling
operation period of the SGE system is from June to September (summer), for a total of
120 days, while the heating operation period is from November to March (winter), for
a total of 120 days, and the system will shut down at other times. At present, the SGE
system involves three pumping wells (1#, 4#, and 8#) and ten injection wells, shown in
Figure 1, with a 100% recharge rate. The difference between the groundwater and SGE
system temperature is designed to be 5 ◦C, while the average temperature of the regional
groundwater is 21 ◦C. Thus, without considering interannual fluctuations, the temperature
of the pumping wells is a constant value of 21 ◦C, while the temperatures of the injection
wells during the cooling and heating periods are 26 and 16 ◦C, respectively. The flux of each
pumping well is 1512 m3/d, and that for each injection well is 453.6 m3/d. Observation
wells, named obs1#, obs2#, etc., were installed in each well, and observation well obs14#
was added 250 m from the northern boundary of the SGE system, as shown in Figure 1.

3. Methods
3.1. Conceptual Model of Hydrogeology

According to the borehole profile, the formation lithology is mainly clay, gravel, and
limestone (Figure 2). The aquifer is confined with a depth of 45.8 m. The main water-
bearing medium is gravel and is generalized to be an isotropic aquifer. The pumping and
injection wells are completely penetrated wells.
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Figure 2. The profile of the borehole.

The groundwater flows from the south to the north, i.e., from the 4# well to the
1# well. Based on the pumping test, the range of influence for the pumping well is less
than 81.5 m; therefore, the range of the conceptual model is suggested to be a size of
1000 m (length) × 1000 m (width) × 140 m (depth). The SGE system is located in the cen-
ter of the square. The distance between the boundary and the SGE system is 500 m, and is
not affected by the pumping wells. The south and north boundaries are considered as being
constant head boundaries with head values of 29.74 and 28.09 m, respectively. The east and
west boundaries are considered to be impermeable boundaries. The effect of rainfall is ignored
in this simulation because of the impermeable pavement. During the operation period, the
fluxes of the pumping and injection wells are constant.
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For the thermal model, the upstream boundary is set to a constant temperature of 21 ◦C,
and the other boundary conditions are considered to be heat exchange boundaries. The temper-
atures of the pumping wells are constant at 21 ◦C, while the temperatures of the injection wells
during the cooling and heating periods are constant at 26 and 16 ◦C, respectively.

3.2. Mathematical Model

To analyze the operation efficiency of the SGE system under different schemes, the
mathematical models of groundwater flow and heat transport were coupled and success-
fully simulated [19–21].

3.2.1. Mathematical Model of Groundwater Flow

The three-dimensional unsteady flow mathematical model is shown as follows:

∂
∂xi

(
Ki,j

∂H
∂xj

)
+ ω = Ss

∂H
∂t i, j = 1, 2, 3

H(x, y, z, t)|t0
= H0(x, y, z) (x, y, z) ∈ Ω

H(x, y, z, t)|Γ1
= H(x, y, z, t) (x, y, z) ∈ Γ1

Ki,j
∂H
∂n

∣∣∣
Γ2

= q(x, y, z, t) (x, y, z) ∈ Γ2

(1)

where Ki,j represents the hydraulic conductivities of the aquifer (LT−1), H is the head of
groundwater (L), ω is the source and sink term (T−1), Ss is the specific storage (L−1), t0 is
the initial time (T), H0 is the water head at the initial time (L), q is recharge per unit area on
the flux boundary (L2 T−1), Γ1 and Γ2 are head boundary and flux boundary, respectively,
and Ω is the computational domain.

3.2.2. Mathematical Model of Thermal Transport

The three-dimensional unsteady flow equation is shown as follows:

{
∂

∂xi

(
Di,j

∂T
∂xj

)
− ∂

∂xi
(viρwCwT) + QT = [θρwCw + (1− θ)ρsCs]

∂T
∂t i, j = 1, 2, 3

T(x, y, z, t0)|Ω = T0(x, y, z) (x, y, z) ∈ Ω

T(x, y, z, t)|Γ1
= T(x, y, z, t) (x, y, z) ∈ Γ1

T(x, y, z, t)|Twi
= Twi(z, t) (x, y, z) ∈ Γw

(2)

where T is the temperature of the groundwater (Θ), Di,j is the hydrodynamic dispersion
coefficient (L), v is the seepage velocity (LT-1), ρw is the density of groundwater (ML−3),
Cw and Cs are the thermal capacity of groundwater and soil (L2T−2Θ−1), respectively, t is
the time (T), Γ1 is temperature boundary and flux boundary, QT is the heat source and sink
(M2 MT−2), Γw is the injection and pumping wells, Tw is the temperature of the well (Θ).

The heat exchange between groundwater and aquifer media is assumed to occur
instantaneously in the model, ignoring the hysteresis of heat exchange.

The lower interface of the limestone layer is set to relative zero elevation, i.e., z = 0 m, and
is upwards positive; the origin of the coordinate system is set in the southwest corner of the
study area, i.e., the value of x increases from west to east, while the value of y increases from
south to north. The mathematical model is discretized using the finite element method.

3.2.3. Model Condition Setting

Grid dissection was performed using the Grid Builder program, and the subsurface water
flow and heat transport model were solved by the finite element calculation software Feflow,
which can simulate flow-, mass-, and heat-transport processes in porous media. According to
the conceptual model, the model was divided into 6 vertical layers, and the finite element mesh
generation of the model followed the rule that the size of the mesh is 1 m × 1 m in the region
and 0.2 m × 0.2 m for the wells. The geometric model of the model is shown in Figure 3.
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(1) Boundary condition

For the steady flow model, the water head at upstream and downstream boundaries is
29.74 and 28.09 m, respectively, and the west and east boundaries are no-flow boundaries, as
shown in Formula (3). The flux of each pumping well is 1512 m3/d, and 453.6 or 756 m3/d
for each injection well, according to Table 1.

Table 1. Simulation scheme.

Scheme Pumping Well Injection Well

F1 1#, 4#, and 8#, each well with the flux of 1512 m3/d
other wells, each well with the recharge flux of

453.6 m3/d

F2
In the cooling period, 4#, 6#, and 8# with the flux
of 1512 m3/d, while in the heating period, 1#, 6#,

and 8# with the flux of 1512 m3/d

In the cooling period, 1#, 2#, 10#, 11#, 12#, and 13#
with the recharge flux of 756 m3/d, while in the
heating period, 3#, 4#, 8#, 9#, and 10# with the

recharge flux of 756 m3/d

F3
In the cooling period, 1#, 3#, and 5# with the flux

of 1512 m3/d, while in the heating period, 10#, 12#,
and 13# with the flux of 1512 m3/d

In the cooling period, 8#, 9#, 10#, 11#, 12#, and 13#
with the recharge flux of 756 m3/d, while in the
heating period, 1#, 2#, 3#, 4#, 5#, and 6# with the

recharge flux of 756 m3/d



H(x, y, z, t) = 29.74m x ∈ [0, 1000m], y = 0m, z ∈ [0, 140m]

H(x, y, z, t) = 28.90m x ∈ [0, 1000m], y = 1000m, z ∈ [0, 140m]

Ki,j
∂H
∂n = 0m3/d x = 0m, y ∈ [0, 1000m], z ∈ [0, 140m]

Ki,j
∂H
∂n = 0m3/d x = 1000m, y ∈ [0, 1000m], z ∈ [0, 140m]

Ki,j
∂H
∂n

∣∣∣
Γ2

= 1512m3/d Γ2 is pumping wells

Ki,j
∂H
∂n

∣∣∣
Γ2

= 453.6or756m3/d Γ2 is injection wells

(3)
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For the thermal transport model, the temperature at the upstream boundary is 21 ◦C,
while the other boundaries have free heat exchange. During the cooling and heating operation
periods, the temperatures of injection are 16 and 26 ◦C, respectively, as shown in Formula (4):

T(x, y, z, t) = 21 °C x ∈ [0, 1000 m], y= 0 m, z ∈ [0, 140 m]

T(x, y, z, t)
∣∣Γwi = 16 °C Γwi is inected wells for heating period

T(x, y, z, t)
∣∣Γwi = 26 °C Γwi is inected wells for cooling period

(4)

(2) Initial conditions

The water head of initial conditions for the unstable three-dimensional model is
obtained from the stable three-dimensional model, which is the same as the unstable
3 D model expect for the wells. Whereas the initial temperature is set to 21 ◦C, the initial
temperatures for cooling and heating periods are 26 and 16 ◦C, respectively, as shown
in Formula (5):

T(x, y, z, t0)|Γ = 21 °C Γ is for inected wells during heating period
T(x, y, z, t)

∣∣Γwi = 26 °C Γwi is for inected wells during cooling period

T(x, y, z, t)
∣∣Γwi = 16 °C Γwi is for inected wells during heating period

(5)

3.3. Simulation Scheme

The purpose of this study was to evaluate the operational efficiency of the SGE system
and to analyze the optimal operational scheme based on a series of simulated schemes for
comparison, as shown in Table 1.

The SGE system operates intermittently for 5 years with the scheme shown in Figure 4.
In the first year, the cooling period is from June to September (model period of 0–120 days),
while the heating period is November to March (model period of 170–289 days); the system
does not operate during other periods. The spatial distribution pumping-injection wells,
and the recharge of injection wells, are simulated to analyze the operation efficiency of the
SGE system.

Water 2023, 15, x FOR PEER REVIEW  8  of  16 
 

 

Table 1. Simulation scheme. 

Scheme  Pumping Well  Injection Well 

F1 
1#, 4#, and 8#, each well with the flux 

of 1512 m3/d   

other wells, each well with the recharge 

flux of 453.6 m3/d   

F2 

In the cooling period, 4#, 6#, and 8# 

with the flux of 1512 m3/d, while in 

the heating period, 1#, 6#, and 8# 

with the flux of 1512 m3/d 

In the cooling period, 1#, 2#, 10#, 11#, 12#, 

and 13# with the recharge flux of 756 

m3/d, while in the heating period, 3#, 4#, 

8#, 9#, and 10# with the recharge flux of 

756 m3/d 

F3 

In the cooling period, 1#, 3#, and 5# 

with the flux of 1512 m3/d, while in 

the heating period, 10#, 12#, and 13# 

with the flux of 1512 m3/d 

In the cooling period, 8#, 9#, 10#, 11#, 12#, 

and 13# with the recharge flux of 756 

m3/d, while in the heating period, 1#, 2#, 

3#, 4#, 5#, and 6# with the recharge flux of 

756 m3/d 

 

Figure 4. The flux of each pumping/injection well vs. time for the simulation schemes of the SGE 

system. 

4. Results 

4.1. Simulation of the Current Operation Scheme 

4.1.1. Characteristics of Groundwater Flow 

Since groundwater is a medium for transferring and exchanging heat, the flow char‐

acteristics  of groundwater may  significantly  influence  the  SGE  system  operation. The 

characteristics of groundwater flow are controlled by the local groundwater and the op‐

eration of the SGE system resulting from the spatial distribution of pumping and recharge 

wells. Therefore, the SGE system layout and operating scheme may affect the operational 

efficiency. The  simulation  results  of  the  current  operation  scheme  (F1)  show  that  the 

groundwater flow field reaches a steady state in 1 day after the system operation, and no 

obvious change in groundwater level is observed near the boundary, which implies that 

the impact of the SGE system on the groundwater flow field is minimal.   

4.1.2. Characteristics of Thermal Transport   

During  the operation of  the SGE system,  the heat  transfixion phenomenon can be 

analyzed by observing the temperature of the pumping wells. Figures 5 and 6 show that 

thermal transfixion is observed in all pumping wells.   

‐800

‐500

‐200

100

400

700

1000

1300

1600

0 400 800 1200 1600 2000

fl
u
x 
o
f 
ea
ch
 p
u
m
p
in
g/
in
je
ct
ed

 w
el
l（

m
3
/d
）

time/d

flux of each pumping well（m3/d）
flux of each injected well（m3/d）

Figure 4. The flux of each pumping/injection well vs. time for the simulation schemes of the
SGE system.

4. Results
4.1. Simulation of the Current Operation Scheme
4.1.1. Characteristics of Groundwater Flow

Since groundwater is a medium for transferring and exchanging heat, the flow char-
acteristics of groundwater may significantly influence the SGE system operation. The
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characteristics of groundwater flow are controlled by the local groundwater and the oper-
ation of the SGE system resulting from the spatial distribution of pumping and recharge
wells. Therefore, the SGE system layout and operating scheme may affect the operational
efficiency. The simulation results of the current operation scheme (F1) show that the ground-
water flow field reaches a steady state in 1 day after the system operation, and no obvious
change in groundwater level is observed near the boundary, which implies that the impact
of the SGE system on the groundwater flow field is minimal.

4.1.2. Characteristics of Thermal Transport

During the operation of the SGE system, the heat transfixion phenomenon can be
analyzed by observing the temperature of the pumping wells. Figures 5 and 6 show that
thermal transfixion is observed in all pumping wells.
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Figure 6. Temperature vs. time for observation wells (F1).

The groundwater with high temperature injected from injection well 2# first reaches
pumping well 1# within 3.7 days. The temperature of well 1# rapidly increases to 22.4 ◦C
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and then gradually increases in a linear fashion to 23.1 ◦C until the SGE system stops within
120 days. However, the temperature of pumping well #1 rises more rapidly in 157 days,
reaching 24.6 ◦C (the highest value), which implies that shutting down the pumping wells
could reduce mixing of local groundwater with hot injected water. When the SGE system
runs for heating from day 171 to day 289, the temperature of pumping well 1# decreases
linearly to 21 ◦C for 190 days and then slowly decreases to 20 ◦C until the SGE system stops
again. The different descent velocities indicate the mixing process of local groundwater
and injected water with a lower temperature of 16 ◦C. As seen in Figure 4, the temperature
characteristics of observation well 1# in the next four years are similar, which indicates
that the influence of the SGE system on pumping well 1# reaches a new equilibrium after
365 days with the same annual characteristics.

The temperatures of pumping well 4# are influenced by the local groundwater, and
injection wells 3# and 5#. The phenomenon of heat transfixion in pumping well 4# is
monitored on day 20, later than for pumping well 1#. After day 20, the temperature of
pumping well 4# increases rapidly to 22.7 ◦C (the highest value) until the SGE system stops
on day 120. Then it drops to 21.4 ◦C until the SGE system stops on day 170. It increases
slightly to 21.7 ◦C on day 182.7, and the temperature decreases continually to 19.5 ◦C until
the heating program running on day 289. This indicates that the local groundwater has a
more important influence on pumping well 4# than well 1#.

The temperature of pumping well 8# is influenced by the local groundwater, and
injection wells 7# and 9#. The hot groundwater from the injection wells reaches pumping
well 8# in 6.8 days. The characteristics of temperature and time are similar to those of
pumping well 4#, but with a larger positive peak value of 23.3 ◦C on day 120 and a smaller
positive peak value of 18.7 ◦C on day 289, which shows that the injection wells can have a
more important influence on pumping well 8#.

The relationship between temperature and time of observation well 0#, which is
located 250 m from the north boundary of the SGE system, reveals that the first injection
hot groundwater during 0–120 days arrives at observation well 0# on day 365, and reaches
the peak value of 22.3 ◦C on day 573.2. After day 1333.8, the influence of the SGE system
on observation well 0# achieves balance.

4.1.3. Operation Efficiency Evaluation of the SGE System

The operation efficiency of the SGE system is mainly controlled by equipment char-
acteristics, thermal loss of water delivery pipes, thermal conductivity of the groundwater
and the soil layer, the hydraulic conductivity coefficient of the aquifer, and temperatures
of the local groundwater and air. In this paper, the operation efficiency is defined by the
formulas as follows:

η =
∆Epr

∆Eth
× 100% (6)

∆Epr =

M

∑
i=1

N

∑
j=1

γCwρwQiti,j − ti,j−1)(
Ti,j + Ti,j−1

2
− Toutlet) (7)

∆Eth = γ·Cw·∆T·∆t·ρw

M

∑
i=1

Qi (8)

where η is the operation efficiency coefficient of the SGE system; ∆Epr is the practical minable
shallow geothermal energy, kwh; ∆Eth is the theoretical minable shallow geothermal energy,
kwh; M is the number of the pumping well; N is the calculation number; Qi is the flux of
the i pumping well, m3/d; Cw is the specific heat capacity, J/(kg·◦C); ρw is the density of
water, kg/m3; Ti,j and Ti,j−1 are the temperatures of the i pumping well for the time of ti,j
and ti,j−1, ◦C, respectively; Toutlet represents the temperatures of the outlet water, ◦C; γ is
the energy exchange efficiency, related to the energy loss of the heat transfer system and the
geothermal energy loss during the operation of the SGE system, generally with the value of
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25% [22]; ∆T is the temperature difference between the groundwater and outlet water of the
heat exchange equipment, ◦C; ∆t is the operation time of the SGE system, day.

Based on the assumption that the temperature of the local groundwater is constant at
21.0 ◦C, and the temperatures of the outlet water of the SGE system are 16 and 26 ◦C in
heating and cooling periods, respectively, the operation efficiency coefficient of the SGE
system is mainly analyzed according to the temperature of the pumping wells, which can
be influenced by both injection water and local groundwater.

The relationship between the operation efficiency coefficient η and time is shown
in Figure 7, which indicates that the value of parameter η declines rapidly during the
SGE system operation during the cooling or heating periods, because of heat transfixion.
Significantly, the values of the initial operation efficiency coefficient are always larger than
those of the previous cooling or heating periods, expect for the first cooling period; this
shows that the injection groundwater, which has a higher temperature in the cooling period,
reaches the pumping wells. After the cooling period, the SGE system is terminated for
about 3 months, during which the temperature of the local groundwater rises continually.
Thus, the temperatures of pumping wells 1#, 4#, and 8# are higher than the 21.5 ◦C of
the local groundwater, at 24.2, 21.4, and 21.5 ◦C, respectively, at the beginning of the first
heating period. In the heating period, the higher value of the operation efficiency coefficient
is mainly because of the temperature of the pumping wells.
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Figure 7. The relationship between operation efficiency coefficient η and time for the present
operation (F1).

The temperature difference between the pumping well and local groundwater during
the heating and cooling periods is greater, resulting in a higher operation efficiency coeffi-
cient. Consequently, there would be high operation efficiency of the SGE system without
the influence of heat transfixion and, after the cooling period, the injection wells are all trans-
ferred to pumping wells, therefore obtaining a higher temperature for the heating period.

4.2. Simulation of the Optimized Operation Schemes

Based on the simulated result of the current operation scheme, the groundwater flow
characteristics do not change significantly in both heating and cooling periods with the
same pumping and injection flow rates. Therefore, the subsequent analysis focuses on
evaluating the thermal transport characteristics and operational efficiency. According to
the simulation results, the phenomenon of heat transfixion is significant, especially for
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pumping well 1#; as a result, the distance from upstream injection well 2# is only 23.5 m.
Consequently, the operation efficiency of the SGE system could be promoted by changing
the spatial distribution of the pumping and injection wells. For instance, during the cooling
period, the groundwater at 21 ◦C is pumped into the SGE system and the temperature
difference of about 5 ◦C is transferred into “cooling energy” in order to cool the building
in summer, resulting in injection water with a higher temperature of 26 ◦C. Then, during
the heating period, some injection wells are changed to pumping wells in order to obtain a
higher temperature, thereby increasing the operation efficiency of the SGE system.

4.2.1. Characteristics of Thermal Transport for F2

There is difference between F1 and F2 in terms of the characteristic of thermal transport.
The phenomenon of heat transfixion appeared again; however, the duration of thermal
transfixion was significantly shorter and the extent was reduced.

During the first cooling period, wells 4#, 6#, and 8# are set as pumping wells, while
wells 1#, 2#, 10#, 12#, and 13# are set as injection wells. The temperatures of pumping wells
4#, 6#, and 8# first rise to 21.1 ◦C on days 120, 90, and 38.2, respectively, resulting from the
injection groundwater with a higher temperature. The temperature feature of well 8# is
different from that of wells 4# and 6#, i.e., after the heat transfixion occurs, the temperature
increases linearly to 21.9 ◦C on day 120.

During the first heating period, wells 1#, 6#, and 13# are set as pumping wells, while
wells 3#, 4#, 8#, 9#, and 10# are set as injection wells. Due to the higher initial temperature,
the temperatures of pumping wells 1# and 13# decrease to 20.7 ◦C on days 60 and 90 after
heating, and finally reach 18.2 and 19.2 ◦C. The temperature of pumping well 6# decreases
to 20.8 ◦C on day 30, and reaches 19.7 ◦C.

According to Figure 8, the trend of temperature vs. time is steady from the second
year. At the beginning of the second cooling period, the temperatures of pumping wells
4# and 6#, are 20.2 and 20.9 ◦C, respectively, lower than the first cooling period, then
the temperatures decrease slowly, which is different from the first year. The temperature
reaches the lowest values of 20.1 and 20.5 ◦C after the second cooling, and then finally
increase to 20.6 and 20.7 ◦C. The temperature of pumping well 8#, with an initial value of
20.0 ◦C, decreases continually from day 0 to day 20 after the second cooling, then increases
linearly to the peak value of 21.6 ◦C, which is lower than that of the first cooling period.
However, the temperature characteristics of pumping wells are similar to those of the first
heating period.

4.2.2. Characteristics of Thermal Transport for F3

In order to reduce the influence of heat transfixion on the operation efficiency of
the SGE system, the pumping wells and injection wells are installed in the west and east,
respectively. The location of the pumping wells and injection wells are switched reciprocally
in the cooling and heating periods. During the cooling period, wells 1#, 3#, and 5# are set as
pumping wells, while wells 8#, 9#, 10#, 11#, 12#, and 13# are set as injection wells. During
the heating period, wells 10#, 12#, and 13# are set as pumping wells, and wells 1#, 2#, 3#,
4#, 5#, and 6# are set as injection wells.

During the first cooling period, the three pumping wells have similar features. The
temperatures of pumping wells 1#, 3#, and 5# rise to 21.1 ◦C on days 80, 80, and 60,
respectively, because of the heat transfixion, and the temperatures of the pumping wells
increase linearly to 22.0, 21.9, and 21.7 ◦C on day 120. The result is shown in Figure 9.

After the first cooling period, the thermal transport changes because of the local ground-
water flow, causing the temperatures of the three pumping wells to go down continually. At
the beginning of the first heating period, the temperatures of the three pumping wells, of 25.9,
25.9, and 25.8 ◦C, respectively, are higher than those of the schemes F1 and F2. Because of the
local groundwater flow gradient and local groundwater thermal gradient, the temperatures
of the pumping wells decrease continually. Significantly, the temperatures of pumping wells
10# and 12# decrease to less than 21 ◦C on days 70 and 110 after the first heating period, while
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the temperature of pumping well 13# is 21.8 ◦C on day 120, which shows that there might be a
higher operation efficiency for the SGE system.
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Figure 9. Temperature vs. time for observation wells (F3).

After the first heating period, the temperature of well 5# rises faster than that of
wells 1# and 3#; this is because well 5# is mainly affected by the local groundwater. At
the beginning of the second cooling period, the initial temperatures of pumping wells
1#, 3#, and 5# are 16.2, 17.7, and 20.3 ◦C, respectively. During the second cooling period,
the temperature of pumping well 5# rises rapidly to 21.1 ◦C on day 70, with a peak
value of 21.7 ◦C. Although the temperatures of pumping wells 1# and 3# also increase
continually, the final temperatures are 20.0 and 20.9 ◦C, respectively, which are lower
than the temperature of local groundwater. At the end of the second heating period, the
temperatures of pumping wells 10#, 12#, and 13# reach 18.8, 21.7, and 20.1 ◦C, respectively.

4.2.3. Evaluation of Water Source Heat Pump Operation Efficiency

The relationship of the operation efficiency coefficient η vs. time for the optimized
operation schemes F2 and F3 is shown in Figure 10. On the whole, the parameter of η
gradually decreases over time during both the cooling periods and the heating periods.
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The mean values of η in the heating periods are higher than those in the cooling periods,
and the ranges of η are much wider in the heating periods.
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Figure 10. The relationship of operation efficiency coefficient vs. time for the present operation
(F2 and F3).

For the operation scheme F2, in the first cooling period, the value of η starts to decrease
on day 30, then decreases to 0.91 on day 120. In the first heating period, the value of η
continually decreases from 1.61 to 0.61. In the second year, the value of η increases at the
beginning of the second cooling period, then decreases from 1.15 on day 30 to 1.02, which
shows that the operation efficiency is higher in the second cooling period than in the first.
In the second heating period, the value of η goes down from 1.56 to 0.54.

For the operation scheme F3, the value of η continues to decline throughout the entire
cooling and heating periods. However, in the second cooling period, the initial value of η
is 1.59, which is higher than that during the first cooling. In the second heating period, the
initial value of η is 1.98, and at the end of heating, η is still high, with a value of 0.84, which
indicates that changing the place of pumping wells and injection wells could provide a
much higher temperature for the heating and a lower temperature for the cooling, thereby
improving the operation efficiency of the SGE system.

The relationship of η vs. time in both cooling and heating periods of the second year
is stable, with an identical and interannual feature for F2 and F3, indicating that the SGE
system operated with the same total annual power.

5. Discussion and Conclusions
5.1. Discussion

The operational efficiency of the SGE system can be improved by adjusting the dis-
tribution of pumping and injection wells. The phenomenon of heat transport plays an
importance role in the operation efficiency of the SGE system, so the operation scheme
could be changed to reduce heat transfixion.

In the current operation scheme, the degree of heat transfixion is significant, especially
for pumping well 1#, which is located downstream of the SGE. If the location of pumping
wells cannot be changed, the injection groundwater, which has a higher temperature in the
last cooling period or a lower temperature in the last heating period, cannot be adequately
utilized in the heating or cooling periods. The locations of pumping and injection wells of
operation schemes F2 and F3 are adjusted. According to Figures 7 and 10, in general, the
values of the operation efficiency coefficient η for the optimized schemes of F2 and F3 are
higher than those of the current scheme.
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According to Formula (7), the practical minable shallow geothermal energy could be
analyzed. The linear relationship of the accumulated minable shallow geothermal energy of
the three schemes vs. time is shown in Figure 11, i.e., ∆Epr = 3535.2t, correlation coefficient
R = 0.99 for F1; ∆Epr = 4719.2t, correlation coefficient R = 0.99 for F2; ∆Epr = 5949.9t,
correlation coefficient R = 0.99 for F1. The total accumulated minable shallow geothermal
energy for F1, F2, and F3 is 6.33, 8.45, and 10.85 million kwh, respectively, which indicates
the higher efficiency of the optimized operation schemes without increasing the operating
cost of the SGE system.
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Figure 11. The accumulated minable shallow geothermal energy vs. time for the three
operation schemes.

5.2. Conclusions

The phenomenon of heat transfixion occurs in all of the operation schemes, resulting
from the distribution of the pumping and injection wells, the local groundwater flow field,
and running the models of pumping and injection wells, which reduces the operation
efficiency of the SGE system. In order to control the occurrence of heat transfer, it is
recommended to adjust the spatial distribution of injection and pumping wells. In cooling
periods, the injection well can recharge the higher-temperature water in the aquifer with
more thermal energy, which can be utilized in the heating period. In the heating period,
some of the injection wells are designed as pumping wells, which reduces the degree of
heat transfixion and significantly improves the operation efficiency, by 71.5%. According to
the simulation results of the optimized operation schemes, it is suggested that the operation
time for each heating or cooling period is reduced to 100 days. As a result, in the future,
the phenomenon of heat transfixion may disappear, leading to higher operation efficiency.
In fact, the operation efficiency of the SGE system can be affected by many other factors,
such as the temperature of the local groundwater, the heat retaining property of pipes, and
the efficiency of the heat exchanger collector.
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