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Abstract: Groundwater heat pump systems (GWHPs) can achieve higher coefficient of performance
(COP) than air-source heat pump systems by using the relatively stable temperature of groundwater.
Among GWHPs, multi-well systems have lower initial investment costs than conventional closed-loop
geothermal systems, because they typically require installation of fewer boreholes for the same
building load. However, the performance of GWHPs depends significantly on the groundwater
properties, such as groundwater temperature, permeability and water quality. Moreover, pumping
and injecting of groundwater during long-term operation may lead to problems such as overflow
or clogging of the wells. In order to ensure reliable energy from ground sources, the development
of sustainable operation methods for multi-well systems is essential for preventing overflow and
well clogging. In this study, we have developed a pairing technology that connects the injection and
supply wells through a spillway. This pairing technology can be used to control groundwater levels
in wells and can be sustainably operated. To accurately estimate the performance of a multi-well
system with the proposed pairing technology, the heating and cooling performance of the developed
system was compared to that of a standing column well (SCW) system in a field-scale experiment.
Furthermore, the effects of the multi-well pairing system on groundwater levels in the injection well
were analyzed by numerical simulation. Moreover, in order to decide the required conditions of the
multi-well pairing system, case studies were conducted under various hydraulic conductivity and
pumping conditions.

Keywords: groundwater heat pump system (GWHPs); pairing technology; numerical simulation;
real-scale experiment

1. Introduction

Ground source heat pump systems (GSHPs) are equipment that uses groundwater or heat in
the ground as a heat source to deal with the cooling and heating loads of buildings. The ground
temperature at 10–15 m below the ground surface is characteristically constant throughout the year [1],
therefore, the heat exchange efficiency of a GSHP system is better than that of an air-source heat pump
(ASHP) system. GSHP systems are classified as open-loop systems or closed-loop systems according
to the heat exchange method. An open-loop system exchanges heat by using the groundwater of an
aquifer. On the other hand, a closed-loop system has a closed-loop circuit installed in the ground and
exchanges heat using the circulating water inside the circuit. In the case of a closed-loop system, more
boreholes are required compared to the open-loop system, and this increases the initial investment
cost of the system to deal with a similar load. Rafferty [2] quantitatively analyzed the installation costs
of an open-loop system and a closed-loop system. As a result, the drilling cost for a 528 kW capacity

Energies 2018, 11, 3485; doi:10.3390/en11123485 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en11123485
http://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/11/12/3485?type=check_update&version=2


Energies 2018, 11, 3485 2 of 15

building was 80% lower for the open-loop system than the closed-loop system. However, despite
of excellent economic efficiency and performance of open-loop systems, the adoption of open-loop
systems is lower than that of closed-loop systems. Particularly, the adoption rate of open-loop systems
in South Korea is 1/5 of that of closed-loop systems [3].

The main factor that impedes the adoption of open-loop geothermal systems is that it uses
groundwater. In the process of directly pumping water, exchanging heat, and discharging the water,
there is a large concern about the physical and chemical environment changes in the ground. Therefore,
many studies have been performed to solve the problem and increase the adoption of open-loop
systems. Zhou et al. [4] performed tests and numerical analysis for GWHP systems and verified the
accuracy of numerical analysis modeling. Lo Russo et al. [5,6] carried out studies to develop a thermally
affected zone (TAZ) around the injection well of a GWHP system. The impact of TAZ was analyzed
by changing the soil parameters, and a sensitivity analysis of the parameters was performed. Kim
and Nam [7] developed a system performance estimation method to provide a guideline for GWHP
systems. Through the performance analysis according to the groundwater temperature and flow rate,
a method was proposed to determine an adequate overall heat transfer coefficient of heat exchanger
during design. Al-Habaibeh et al. [8] conducted a study to deal with a building load by applying the
mine drainage of an abandoned mine to an open-loop system. Through the performance analysis of
this open-loop system using the mine drainage, it was confirmed that the mine drainage temperature
and water level were acting as performance factors. Zhen et al. [9] conducted a performance test of a
GWHP system and analyzed the difference of energy consumption with a conventional air conditioning
system. In the results, the GWHP system had 42% reduced energy consumption compared to the
conventional air conditioning system. Park et al. [10,11] analyzed the effect of water injected into an
injection well on the geothermal dispersion and the effect of thermal dispersion on the sustainability of
a GWHP system. Park et al. [12] investigated the isotopic compositions and chemical of groundwater
as the GWHP system was operated to understand its geochemical properties. Bae et al. [13] set the
operation and ground as case conditions and quantitatively showed the changes of groundwater level
and groundwater temperature according to the operation of a multi-well system. However, when
a multi well open-loop system is used for a long term, there is a concern that clogging may occur.
If clogging occurs, it will lead to a power consumption increase of the well pump in the supply well
and overflowing of groundwater in the injection well.

To solve the clogging problem occurring when a multi-well system is operated for a long period,
this study developed a pairing technology whereby a spillway is installed between two wells (supply
well and injection well). The pairing technology prevents the overflowing phenomenon of the injection
well through the spillway and aims for a long-term operation of the system. In this study, a real-scale
experiment was performed for quantitative performance measurement of a multi-well system with
pairing. Furthermore, in order to decide the conditions under which the spill-way was required, case
studies in various ground and operation conditions were conducted by simulation. In addition, the
effect of the spill-way on the groundwater level was analyzed by using pairing under the conditions
where overflow occurred.

2. Summary of the Developed System

The pairing technology aims to obtain water level equilibrium between two wells (supply well
and injection well) by installing a spillway, in which fluid can flow, between two wells of a multi-well
system. Figure 1 shows the groundwater distribution between the supply well and injection well of a
multi-well system through the system operation. The groundwater is sent from the supply well to the
heat exchanger through the deep well pump, and because of this, the groundwater level of supply
well drops. On the other hand, the groundwater level in the injection well rises due to the injection
of water coming from the heat exchanger after heat exchange. Figure 2 shows the supply well and
injection well of multi-well system that applied the pairing system developed in this study. Here, the
pairing pipe connects the supply well and the injection well and facilitates the free movement of fluid
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between the two wells. In other words, if a pairing pipe is in place, the water will flow into the supply
well through the pairing pipe when the groundwater level is higher than the pairing depth.
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When the groundwater level of the injection well is lower than the pairing depth, the groundwater
level will be recovered through the ground only, but when the groundwater level of the injection
is higher than the pairing depth, the groundwater level recovery through the ground and the
groundwater level recovery through the pairing occur simultaneously. Therefore, the pairing
technology can solve the problems regarding the overflow phenomenon and the pump power
consumption increase occurring in multi-well systems.

3. Real-Scale Experiment

3.1. The Experimental Site and the Analysis of Hydro-Geological Characteristics of Site

The study object of the experiments was the load of a library building located in Nowon-gu (Seoul,
South Korea). Five wells were drilled in front of the library (Figure 3). Here, a 500 m well was drilled
for Well 1 to use it as a well of a standing column well (SCW) system. For Wells 2–5, 250 m wells were
drilled for the multi-well open-loop system that adopted the pairing technology. Prior to performing
the experiment, the hydro-geological characteristics of each geothermal well were investigated. Table 1
shows the specifications of the experimental wells for the aquifer experiment. For each experimental
well, a step drawdown test and a long-term pumping test were performed. The step drawdown test
was carried out by installing a 3.72 kW submersible pump at 100 m depth in each geothermal well.
The pumping rate was changed in 4–5 steps for each well. Table 2 shows the step drawdown test
results for each experimental well. In the step drawdown tests, the optimal pumping rate of Well 2
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was calculated as 60 m3/day by the double inflection point method. For the other wells, the measured
optimal pumping rates exceeded the expected pumping rates.
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Table 1. Well specifications.

Well No. Well Depth (m) Well Diameter (mm) Measure Point (m)

Well 1 500 250 0.06
Well 2 250 250 0.25
Well 3 250 250 0.43
Well 4 250 250 0.23
Well 5 250 250 0.24

Table 2. Step drawdown test results.

Well
Pumping Rate (Q, m3/d) Drawdown Water Level (Sw, m) Optimal Pumping Rate

(Q, m3/d)1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 5th

Well 1 150 200 250 300 - - 7.05 7.48 7.92 - 300 < Qoptimum
Well 2 40 50 60 70 - 13.2 18.09 24.62 41.47 - 60 = Qoptimum
Well 3 70 80 90 100 - 10.59 12.7 15.26 18.09 - 100 < Qoptimum
Well 4 150 200 250 300 350 1.15 1.86 2.48 2.99 4.07 350 < Qoptimum
Well 5 100 200 300 400 - 0.65 1.1 1.91 2.64 - 400 < Qoptimum

In the long-term pumping tests, a 3.73 kW submersible pump was installed at the same position
as the step drawdown tests and the water was pumped for 20 h at the optimal pumping rate.
After reaching a stable water level, a water level recovery test was performed. Table 3 shows the
hydraulic conductivity calculated through the long-term pumping tests and the water level recovery
tests. Here, the hydraulic conductivity shows the average of values calculated through Theis [14],
Cooper and Jacob [15], and recovery tests. The hydraulic conductivity of Well 1 was confirmed to be
2.88 × 10−6 m/s. The hydraulic conductivity of Well 2 was 5.82 × 10−8. The hydraulic conductivities
of Wells 3–5 were in the range of 5.28 × 10−6 m/s–6.89 × 10−6 m/s, which was about 100 times
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higher than the hydraulic conductivity of Well 2. In this study, using the pairing in the unfavorable
condition of hydraulic conductivity like that of Well 2, the adoptability of multi-well pairing system
was investigated. Therefore, Well 2 was used as a injection well of multi-well pairing system and Well
3 as a supply well. Meanwhile, Well 1 was used as a well of SCW system.

Table 3. Long- term pumping test result.

Well No. Pumping Rate (Q, m3/d) Hydraulic Conductivity (m/s)

Well 1 300 2.88 × 10−6

Well 2 50 5.82 × 10−8

Well 3 90 5.69 × 10−6

Well 4 300 6.89 × 10−6

Well 5 400 5.28 × 10−6

3.2. Experiment Overview

Figure 4 shows the wells of the SCW system and the multi-well pairing system. The pipe diameter
in each geothermal well was 250 mm. The depth of the geothermal well of the SCW geothermal well
system was 500 m. The distance between the supply well and the injection well of the multi-well
pairing system was 15 m and the depth of the supply well and injection well was 250 m, respectively.
The pairing pipe was installed between the supply well and the injection well at 1.5 m depth. Figure 5
shows the system overview. The SCW system and the multi-well pairing system were used for the
heating and cooling loads of same space and they shared the heat storage tank. The specifications of
plate heat exchanger and heat pump used in the SCW system and the multi-well pairing system were
identical. The specifications of plate heat exchanger, heat pump, heat storage tank, submersible pump,
and circulation pump used in the experiment are shown in Table 4. The heat pump was repeatedly
operated and stopped according to the set temperature of the heat storage tank, 45 ◦C ± 3 ◦C.
The flow rate of the submersible pump was 432 m3/d maximum and that of circulation water was
346–360 m3/d (Table 5).
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Table 4. System equipment specification.

System Parts
Specifications

SCW Multi-Well

Well
Number of well 1 2
Well diameter 250 mm 250 mm

Depth 500 m 250 m

Spill-way Spill-way diameter - 125 mm
Spill-way length - 15 m

Heat exchanger Heat exchanger capacity 104.6 kW

Heat pump Heating capacity 88.2 kW
Cooling capacity 84.5 kW

Heat Storage tank Capacity 3.09 m3

Circulation pump Power 1.5 kW
Submersible pump Power 3.7 kW

Table 5. Experiment condition.

Element Condition

Building type Library
Temperature set 45 ◦C
Dead bend set 3 ◦C

Maximum heat exchanger flow set 432 m3/d
Maximum heat pump flow set 346 m3/d

Maximum load flow set 360 m3/d

3.3. Calculation Method of System Performance

To quantitatively analyze the heating and cooling performance of the SCW system and multi-well
pairing system, the temperature, flow rate, and power consumption were measured at the heat source
side and load side during the system operating hours. Equation (1) was used for the heat exchanged
from the heat storage tank though the heat pump. For the heating and cooling performance coefficient,
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Equation (2) was used. For the heating and cooling performance coefficient of total system, Equation (3)
was used.

Heat exchange rate:
Qload = Fload × c × ∆T (1)

Heat pump coefficient of performance:

H.EER and H.COP =
Qload
Whp

(2)

System coefficient of performance:

S.EER and S.COP =
Qload

Whp + Ws + Wc
(3)

where Qload is the heat exchange rate of heat pump (kW), Fload is the flow rate on the load side (kg/s),
c is the specific heat of water (kJ/kg·◦C), ∆T is the difference of temperature on the load side(◦C), Whp
is the power consumption of heat pump (kW), Ws is the power consumption of submersible pump
(kW) Wc is the power consumption of circulation pump (kW), H.COP is the coefficient of performance
of heat pump for heating (kW/kW), S.COP is the coefficient of performance of system for heating
(kW/kW), H.EER is the energy efficiency ratio of heat pump for cooling (kW/kW), S.EER is the energy
efficiency ratio of system for cooling (kW/kW).

3.4. Experimental Results

Figure 6 is a graph showing the groundwater level of the injection well and the temperature of the
supply well during heating operation from 12–18 October 2017. Whenever the system was operated,
it was confirmed that the groundwater level distribution was higher than the position of pairing pipe.
However, the maximum groundwater level was −0.8 m and consequently, the overflow phenomenon
did not occur in the injection well. It was determined that the overflow was prevented since the
groundwater moved through the pairing pipe. For the heat source temperature in the supply well, the
groundwater inside the pipe connected to the plate heat exchanger was measured. As a result, when
the system is not operated, the heat source temperature showed a decreasing tendency since it was
affected by the air temperature. Hence, the heat source temperatures were compared for the system
operating hours. The heat source temperature of Well 2 (Figure 6) was 12.9 ◦C minimum and 17.3 ◦C
maximum, showing the difference of 4.4 ◦C during the operating hours since flow of groundwater
occurred through the pairing.Energies 2018, 11, 3485 8 of 15 
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On the other hand, when a flow through the pairing did not occur, the temperature change of
supply well was only about 2.1 ◦C. As a result of investigating the hydro-geological characteristics
of Well 2, the hydraulic conductivity was 5.82 × 10−8, which was considerably lower than that of
surrounding ground. However, because of the pairing technology implementation, the problem of
limited operation caused by the overflow phenomenon did not occur. Moreover, although there were
temperature changes of supply well due to the flow through the pairing, the heat source temperature
was 12.9 ◦C minimum, which satisfied the operating conditions.

Figure 7 is a graph comparing the heating and cooling performances of the SCW system and
multi-well pairing system. The cooling performances were measured for 18 days from 10–27 September
2017. The heating performances were measured for 18 days from 12–29 November 2017. The SCW
system and the multi-well pairing system were operated simultaneously to deal with the building
load. When cooling, S.EER of multi-well pairing system was 29% higher than that of SCW system.
On the other hand, when heating, S.COP of multi-well pairing system was 10% lower than that of
SCW system. The total power consumption for heating and cooling was 4% lower in the multi-well
pairing system than the SCW system. Meanwhile, no overflow phenomenon occurred in the injection
well of multi-well pairing geothermal system during the heating and cooling experimental periods.

Energies 2018, 11, 3485 8 of 15 

 

 
Figure 6. Supply well temperature and injection well groundwater level. 

On the other hand, when a flow through the pairing did not occur, the temperature change of 
supply well was only about 2.1 °C. As a result of investigating the hydro-geological characteristics of 
Well 2, the hydraulic conductivity was 5.82 × 10−8, which was considerably lower than that of 
surrounding ground. However, because of the pairing technology implementation, the problem of 
limited operation caused by the overflow phenomenon did not occur. Moreover, although there were 
temperature changes of supply well due to the flow through the pairing, the heat source temperature 
was 12.9 °C minimum, which satisfied the operating conditions. 

Figure 7 is a graph comparing the heating and cooling performances of the SCW system and 
multi-well pairing system. The cooling performances were measured for 18 days from 10–27 
September 2017. The heating performances were measured for 18 days from 12–29 November 2017. 
The SCW system and the multi-well pairing system were operated simultaneously to deal with the 
building load. When cooling, S.EER of multi-well pairing system was 29% higher than that of SCW 
system. On the other hand, when heating, S.COP of multi-well pairing system was 10% lower than 
that of SCW system. The total power consumption for heating and cooling was 4% lower in the multi-
well pairing system than the SCW system. Meanwhile, no overflow phenomenon occurred in the 
injection well of multi-well pairing geothermal system during the heating and cooling experimental 
periods. 

 
Figure 7. The cooling and heating performance of the standing column well (SCW) system and multi-
well pairing system. 

4. Multi-Well Pairing Heat Exchange Model 

4.1. Numerical Multi-Well Pairing Model 

Figure 7. The cooling and heating performance of the standing column well (SCW) system and
multi-well pairing system.

4. Multi-Well Pairing Heat Exchange Model

4.1. Numerical Multi-Well Pairing Model

In order to develop a performance prediction model of the multi-well pairing geothermal system,
it is necessary to analyze the groundwater flow and the geothermal movement simultaneously.
Therefore, in this study, FEFLOW [16] was used to analyze heat movement and groundwater flow of
around wells in saturated and unsaturated state. This simulation tool is widely used for analysis of
ground pollution, underground thermal behavior and groundwater movement. Furthermore, it can
enhance the prediction accuracy based on finite element method and individual calculation in three
phases (solid, liquid and gas). Nam and Ooka [17] developed a performance prediction method of
open-loop geothermal system by using FEFLOW, and the accuracy was verified by comparing with
the measurement result and the analysis result.

For the developed model, the hydro-geological conditions and the well design conditions were
set up by simulating a real-scale ground experiment. With respect to the ground conditions, the
modelling was performed based on the hydro-geological characteristics and thermal conductivity
investigation, and the specifications of geothermal wells and the pairing were set up similar to those of
actual design. Figure 8 shows a tetra mesh whereby the ground and geothermal wells were constructed
in the numerical analysis model. The gap between two wells was set as 15 m and the diameter of well
was 250 mm. Furthermore, the model was constructed with the analysis zone having 30 m spaces
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in four directions from the wells. Table 6 shows the analysis conditions input into the numerical
analysis model.
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Table 6. Ground conditions of numerical analysis model.

Element Supply Well Injection Well

Groundwater Level (m) 9.01 9.09
Hydraulic conductivity (m/s) 6.89 × 10−6 5.28 × 10−6

Ground temperature (◦C) 15 15
Thermal conductivity (W/m·K) 2.944 2.944

4.2. Analysis Method of Spill-Way

In this simulation, the spill-way was assumed as a channel-type mesh (0.25 m × 0.1 m) with the
length of 15 m. It was set at the depth of 1.5 m, the same as in the real-scale experiment. Here, when
groundwater level reaches the depth of spill-way (1.5 m), the groundwater moves from the injection
well side to supply well side with the velocity calculated by the following equations.

In general, the flow of groundwater through the ground can be analyzed by Darcy’s law
(Equation (4)) derived from equation of fluid movement penetrating the porous medium:

v =
F
A

= k × ∆h
l

(4)

where v is the flow velocity of groundwater (m/s), F is the flow rate (m3/s), A is the cross-sectional
area (m2) of ground, k is the hydraulic conductivity (m/s), ∆h is the water head difference (m) of
supply well and injection well, and l is the length (m) of supply well and injection well.

However, it is difficult to represent the spill-way in the FEFLOW simulation, so in this study, the
region of spill-way was set to very high hydraulic conductivity (24.5 m/s). The value was calculated
by Bernoulli’s equation and Darcy-Weisbach equation [18]. ∆h can be expressed as:

∆h = hi + hl + ho (5)
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where hi is the loss of head at entrance (m), hl is the loss of head due to friction (m), and ho is
the loss of head at outlet (m). Equation (5) can be expressed as follows by Bernoulli’s law and
Darcy-Weisbach equation:

∆h = fe
v2

2g
+ fl

v2l
2gD

+ fi
v2

2g
(6)

where D is the hydraulic diameter (m), g is the gravitational acceleration (m/s2). Equation (6) can be
summarized as:

v =

√
2g∆h

fi + fl
l
d + fo

(7)

where fi is the entrance-loss coefficient (non-dimension), fl is the coefficient of friction (non-dimension),
and fo is the run-off coefficient (non-dimension). k can be derived by combining Equations (4) and (7) as:

k =

√√√√ 2gl2

∆h
(

fi + fl
l
d + fo

) (8)

4.3. Comparison of Simulation Results and Experimental Measures

To verify the accuracy of the performance estimation model of the multi-well pairing geothermal
system, the experimental and analysis results were compared. Figure 9 shows the temperature
fluctuation of the supply and injection well during 136 h as the comparison of the experimental
measures and the simulation results. The experimental measures and simulation results of injection
well showed that the fluctuation of temperature according to the system operation were similar.
However, there were some differences between the experimental measures and the simulation results
for the supply well temperatures because it was difficult to consider underground environment factors
such as the temperature field of the soil and cracks in the rocks. To quantitatively analyze the accuracy
of the numerical analysis model, the errors were calculated by using the mean bias error (MBE)
Equation (9) and the coefficient of variation of root mean square error (Cv(RMSE)) (Equation (10)).
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Mean bias error:

MBE(%) =
∑(N − E)h

∑ Eh
(9)

Coefficient of variation of root mean square error:

Cv(RMSE)(%) =

√
∑(N − E)2

h
Th

× Th

∑ Eh
× 100 (10)
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where Nh is the hourly mean temperature of the numerical analysis values, Eh is the hourly mean
temperature of experimental values, Th is the total hours measured.

As a result of calculating the errors, the maximum MBE value of the supply well temperature
was −1.6% and the maximum MBE value of the injection well temperature was 3.7%. Cv(RMSE)
was 1.1% for the supply well temperature and 1.9% for the injection well temperature. The validity
of the simulation method was verified through the comparison between the experiment results and
simulation results.

5. Case Study by Simulation

5.1. Case Condition

In this section, in order to decide the conditions in which the spill-way was required, case studies
under various ground and operation conditions were conducted by simulation. In addition, the effect
of the spill-way on the groundwater level was analyzed by installing pairing under conditions where
overflowing occurred. The numerical analysis was performed by assuming continuous operation. The
groundwater level was measured around the injection well on the ground surface. Table 7 shows the
hydraulic conductivity and pumping rate conditions. The range of hydraulic conductivity is from
8 × 10−7 m/s to 2 × 10−7 m/s. The pumping rate conditions were set at 300, 400 and 500 m3/d. When
overflow occurred, additional numerical analysis was performed by entering the pairing conditions.

Table 7. Simulation condition of all cases.

Case Hydraulic Conductivity
(10−4 m/s)

Pumping Rate
(m3/Day)

Pairing
(Installed/Not Installed)

Case N1 0.008 300 Not installed
Case N2 0.008 400 Not installed
Case N3 0.008 500 Not installed
Case N4 0.006 300 Not installed
Case N5 0.006 400 Not installed
Case N6 0.006 500 Not installed
Case N7 0.004 300 Not installed
Case N8 0.004 400 Not installed
Case N9 0.004 500 Not installed

Case N10 0.002 300 Not installed
Case N11 0.002 400 Not installed
Case N12 0.002 500 Not installed
Case P10 0.002 300 Installed
Case P11 0.002 400 Installed
Case P12 0.002 500 Installed

5.2. Results

In this study, the performance of the pairing system installation was evaluated by determining
the effects of pumping rate and hydraulic conductivity on the groundwater level at the injection well.
Table 8 shows the result of simulation for groundwater level of supply and injection well according
to case conditions. Figure 10 shows the groundwater levels at three different pumping rates when
the hydraulic conductivity equaled 4 × 10−7 m/s. The groundwater level at the injection well was
elevated over time by increasing the pumping rate. Figure 11 shows the groundwater levels at the
injection well at three different pumping rates with an initial hydraulic conductivity of 4 × 10−7 m/s.
At this hydraulic conductivity, the maximum difference between injection well groundwater levels
at different pumping rates was determined to be 3.77 m. The groundwater level at the injection well
decreased by 8.21 m as hydraulic conductivity increased from the initial value to 8 × 10−7 m/s at a
pumping rate of 500 m3/d. Hence, hydraulic conductivity had a greater effect on the groundwater
level at the injection well than did the pumping rate.
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Table 8. Analysis results of all cases.

Case Min. GWL of
Supply Well (m)

Max. GWL of
Injection Well (m)

Difference in GWL
between Supply and

Injection Well (m)

Overflow
(Occurred/Not

Occurred)

Case N1 −9.26 −8.71 0.55 Not occurred
Case N2 −9.35 −8.62 0.73 Not occurred
Case N3 −9.43 −8.52 0.91 Not occurred
Case N4 −10.21 −7.69 2.52 Not occurred
Case N5 −10.62 −7.27 3.35 Not occurred
Case N6 −11.04 −6.85 4.19 Not occurred
Case N7 −13.17 −4.73 8.44 Not occurred
Case N8 −14.57 −3.07 11.50 Not occurred
Case N9 −16.20 −0.86 15.34 Not occurred
Case N10 −15.24 8.17 23.41 Occurred
Case N11 −15.41 13.32 28.73 Occurred
Case N12 −15.50 18.71 34.21 Occurred
Case P10 −9.00 −3.22 5.78 Not occurred
Case P11 −9.00 −3.14 5.86 Not occurred
Case P12 −9.06 −3.16 5.90 Not occurred

GWL: Groundwater level.
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Figure 12 shows groundwater levels in the presence or absence of the multi-well pairing system
at a hydraulic conductivity of 2 × 10−7 m/s and a pumping rate of 500 m3/d. Without the pairing
system, the maximum groundwater level at the injection well was 18.71 m, and overflow occurred.
On the other hand, when the pairing system was installed, the maximum injection well groundwater
level was −3.16 m, and overflow was not observed. Thus, at a pumping rate of 500 m3/d and a
hydraulic conductivity of 2 × 10−7 m/s, the difference between groundwater levels with and without
the pairing system was 21.87 m. Figure 13 shows the maximum groundwater levels at the injection
well with and without the pairing system as pumping rate was increased at a hydraulic conductivity of
2 ×10−7 m/s. With no pairing system installed, overflow occurred at each pumping rate. In addition,
the groundwater level increased linearly with increasing pumping rate. However, the groundwater
level reached a maximum of −3.14 m when the pairing system was installed.
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6. Conclusions

In this study, a multi-well pairing system was developed that prevented overflow and clogging of
the injection well to achieve sustainable system operation. The performance of the multi-well pairing
system and that of a standing column well (SCW) system were comparatively analyzed in a field-scale
experiment. In addition, numerical simulations were performed to evaluate the performance of the
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multi-well system with and without pairing by analyzing the effects of varying hydraulic conductivities
and pumping rates on groundwater level. The result of the study are as follows:

(1) The cooling and heating performance of the multi-well pairing system was compared to that of a
SCW system under identical load conditions in a field-scale experiment. The cooling performance
of the multi-well pairing system was 29% better than that of the SCW system, while its heating
performance was 10% lower than that of the SCW system. Total power consumption in the
multi-well pairing system for heating and cooling was 4% lower than in the SCW system. When
annual operating costs are considered, the multi-well pairing system can be more economical
than a SCW system. However, the field experiment only lasted for 18 days, therefore, data from
long-term operation of the multi-well pairing system should be analyzed to assess the reliability
of these results.

(2) The numerical simulation was conducted to analyze the effect of hydraulic conductivity and
pumping rate conditions on groundwater level at the injection well. The results of the numerical
simulation showed that the impact of hydraulic conductivity on groundwater level was greater
than that of pumping rate. Overflow of the injection well did not occur when the hydraulic
conductivity equaled or exceeded 4 × 10−7 m/s. We consider sustainable operation of the
multi-well system to be possible under these conditions.

(3) At a hydraulic conductivity of 2 × 10−7 m/s without pairing, the groundwater level rose to
18.71 m at the injection well, resulting in overflow. In contrast, the multi-well pairing system
raised the groundwater level to just −3.14 m. Based on the simulation results, pairing installation
made sustainable operation possible even under conditions of low hydraulic conductivity. The
groundwater level at the supply well was increased by pairing installation. Pairing installation
is therefore expected to reduce power consumption by the supply well pump. However, the
heat source temperature changes when groundwater moves from the injection well to the supply
well via the spill-way. Therefore, heat source temperature and groundwater level should be
considered simultaneously for the establishment of a pairing system design method.

A parameter study of spill-way design factors will be conducted in the future to develop an
optimum design method. Groundwater, well, and building load conditions will be considered when the
optimized algorithm is used to establish the design guide for multi-well pairing system development.
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