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Effects of Groundwater Flow
on a Ground Source Heat Pump
System
Heat advection by groundwater flow is known to improve the performance of ground heat
exchangers (GHEs), but the effect of groundwater advection on performance is not yet
fully understood. This numerical study examined how parameters related to groundwater
flow, such as aquifer thickness, porosity, lithology, and groundwater flow velocity,
affected the performance of a borehole GHE. Under a thin-aquifer condition (10 m, or
10% of the entire GHE length in this study), groundwater flow velocity had the greatest
effect on heat flux. At a groundwater flow velocity of at least 10�4 m/s through a low-
porosity aquifer filled with granite gravel with high thermal conductivity, the heat flux of
a GHE was as much as 60% higher than that of a GHE in a setting without an aquifer. If
the aquifer was as thick as 50 m, the high thermal conductivity of granite gravel doubled
the heat flux of the GHE at a groundwater flow velocity of at least 10�5 m/s. Thus, not
only groundwater flow velocity but also aquifer thickness and thermal conductivity were
important factors. However, groundwater seldom flows at such high velocities, and
porosity, gravel size and composition, and aquifer thickness vary regionally. Thus, in the
design of ground source heat pump systems, it is not appropriate to assume a large
groundwater effect. [DOI: 10.1115/1.4035502]

Introduction

Ground source heat pump systems combine a heat pump with a
ground heat exchanger (GHE, an underground closed loop system
that may be dozens of meters long) or are fed by groundwater
from a well (open loop systems). They use the ground as a heat
source, and a fluid medium (water or a water–antifreeze mixture)
transfers heat from the ground to the GHE. Thus, they are able to
utilize ground heat energy because the ground temperature
changes less on a seasonal basis than the air temperature. Ground
source heat pump systems can therefore achieve greater energy
savings than conventional air source heat pump systems.

In general, heat advection by groundwater flow significantly
enhances heat transfer in geologic materials with high hydraulic
conductivity, such as sand, gravel, and rock containing fractures
or solution channels [1]. Finite element method (FEM) numerical
simulations of large GHE fields with unbalanced winter and
summer loads have indicated that groundwater flow does not
reduce the effects of hourly peak loads of heat transfer but notably
improves long-term performance [2].

In the absence of groundwater flow, when multiple GHEs are
used, the temperature decrease in the surrounding ground is
greater than in the case of a single GHE, even if the GHEs are
spaced 7.5 m apart. After 30 yr of operation, the heat recovery
time is about 70 yr [3].

In the presence of groundwater flow, GHE fields can be sustain-
able even when seasonal heat loads are completely unbalanced
[1]. For a single GHE experiencing a constant heat flux for 2 yr, a
groundwater flow velocity of 60 m/yr (about 2� 10�7 m/s), a typi-
cal velocity in coarse sand, has been shown to have a considerable
effect on the predicted time evolution of the mean temperature of
the GHE [1]. FEM simulations of large fields of GHEs (6 m apart)
with groundwater flow [4] have shown that a groundwater flow
velocity of 10�7 m/s is sufficient to ensure long-term sustainabil-
ity of a single line or two staggered lines of an infinite number of
GHEs, and a velocity of 10�6 m/s ensures the long-term sustain-
ability of four staggered lines of GHEs. If the Peclet number

(in this case, the outer diameter of the GHE) is sufficiently large,
groundwater flow can effectively carry away excess heat accumu-
lated in the ground [5].

In Japan, most towns and cities are on the coast or in basins
where the underlying sediments consist of clastic materials of var-
ious sizes, from gravel to clay. Gravel and sand layers are usually
good aquifers. Thus, when designing GHEs in Japan, it is impor-
tant to calculate the effect of groundwater on GHE operation. This
effect depends on parameters such as groundwater flow velocity,
aquifer thickness, geological parameters (e.g., porosity or clast
size and composition), and thermal conductivity.

The relationships among these parameters and how they affect
the heat flux of GHEs have yet to be systematically explained.
Moreover, the thermal conductivity of water, 0.56 W/m K, is con-
siderably lower than that of clastics (e.g., 1.65 W/m K for wet
sand) [6]. Thus, it is difficult to utilize groundwater efficiently,
which is a consideration in the design and operation of a GHE.

Reference [7] used 3D numerical simulations to clarify the
effects of parameters related to groundwater flow on GHE per-
formance (e.g., aquifer thickness, porosity, lithology, and ground-
water flow velocity), and clarified that the thick aquifer (50% of
the length of the GHE) and high thermal conductivity of gravels
increased the heat flux. This study examined not only the aquifer
but also the nonaquifer’s parameters, such as wet and dry sand,
under the conditions of different groundwater flow velocity, and
then evaluated possible ways to enhance GHE functioning.

Methods

Three-Dimensional Numerical Simulation of a 3D GHE
Model. A schematic diagram of a borehole GHE is shown in
Fig. 1. (All symbols are defined in the Nomenclature section at
the end of the text.) The sediments are separated into aquifers and
other layers. Groundwater flow is assumed to be horizontal and
unidirectional. The groundwater flow velocity is described by a
form of the Laplace equation as a 2D potential flow. In the aqui-
fer, heat is transferred by advection. In the other layers, heat trans-
fer in the vertical direction takes place by conduction.

In the simulation, the surface of the GHE was treated as an iso-
thermal wall of 5 �C, and the ground temperature was 15 �C. The
GHE surface temperature is derived empirically and is widely
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used in commercial practice. The ground temperature is the aver-
age ground temperature measured in Koriyama, Japan.

In evaluating the groundwater effect on nonstationary heat con-
duction, the temperature change of the ground was not large
enough to change the viscosity of the groundwater. Thus, ground-
water flow analysis and nonstationary heat conduction analysis of
the ground were done separately. In groundwater flow analysis
using Darcy’s law, groundwater flow is homogeneous and steady-
state. Coupling Darcy’s law with the equation of continuity yields
the Laplace equation
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where h is hydraulic head pressure. When the aquifer extends hor-
izontally with a certain thickness, the groundwater flow is
assumed to be two-dimensional, and the Laplace equation can be
rewritten as the following potential equation:
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where u is the velocity potential.
Figures 2 and 3 show the details of the 3D model used in this

study. A cylindrical GHE 100 m long and 0.2 m in diameter was
modeled as a GHE with a square cross section with sides of 5 m.
In the aquifer model (Fig. 3), groundwater flowed horizontally
from left to right at a constant velocity, and the upper and lower
faces were impermeable. Outside the aquifer, the materials were
homogeneous, and thermal properties were equal. The top of the
aquifer was 20 m below ground level. The minimum grid size was
0.05 m, and the minimum calculation interval was 60 s. No com-
mercial software was used for this study.

Effective Thermal Properties of Aquifers. Gravel in the aqui-
fer was assumed to consist of granite or tuff, which have different
thermal properties (Table 1). The material composing the nona-
quifer layers was assumed to be soil, with properties adopted from
measurements made at a site near Nihon University, Japan [8].
The values used for parameters were allowed to vary in different
simulations (Table 2).

Ground temperature was calculated using the following equa-
tion for nonsteady-state heat conduction [9]:
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The viscous dissipation is small in the case of low-velocity incom-
pressible flow [9]. The values of the constants used in the calcula-
tions are shown in Table 3. In the simulations, the GHE was
operated continuously for 250 h.

The energy equations used to calculate the effective thermal
properties inside the aquifer were as follows [8,10]:

ke
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¼ eþ 1� e

uþ 2
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� � (4)

qe ¼ ð1� eÞqp þ eqw (5)

Cp;e ¼ ð1� eÞCp;p þ eCp;w (6)

The groundwater flow velocity was calculated using Eq. (2), and
the thermal conductivity of the porous material of the aquifer was
calculated with Eq. (4).

Results

Changes in average heat flux were used to evaluate the effects
of environmental conditions on the GHE. The average heat flux
was calculated by dividing the whole heat flux by the surface area
of the GHE. Comparing these values made it easier to identify the
effects of different ground conditions.

Effect of a Water-Only Aquifer. A GHE with a nongravel
aquifer (water only) was used to investigate the effect of ground-
water advection on heat flux across the GHE wall. The calculated
heat flux values for different groundwater flow velocities in a 10 -
m-thick aquifer are shown in Fig. 4.

In the absence of flow in the nongravel aquifer, there was no
groundwater advection effect. The heat flux at all depths in the
GHE was lower than that of a GHE in soil with no aquifer,
because the thermal conductivity of water is lower than that of
soil (Table 1). At a flow velocity of 10�5 m/s, the heat flux was
almost the same as that of a nonaquifer GHE. At a flow velocity
of 10�3 m/s, groundwater advection increased the average heat
flux over that of a nonaquifer GHE by 3% after 250 h of operation.
Thus, when flow velocity exceeded 10�5 m/s, groundwater advec-
tion was effective, and after long-term continuous operation, the
heat flux of a GHE with an aquifer was higher than that of a nona-
quifer GHE.

The effect of the thickness of a nongravel aquifer was also
investigated at a constant groundwater flow velocity of 10�5 m/s
(Fig. 5). During the first 100 h of continuous operation, the aquifer
did not become as cool as the soil layer because heat advection by
groundwater is lower than that by soil (Table 1). In a GHE with a
10 -m-thick nongravel aquifer, the heat flux of the soil layers
decreased after 150 h of continuous operation from 90 to about
60 W/m2, whereas that of the aquifer layer remained at about
80 W/m2 (Fig. 6). Thus, the heat flux of the whole GHE was lower
than that of a nonaquifer GHE for approximately the first 100 h.

After 100 h of continuous operation, the heat flux of the GHE
with a nongravel aquifer 10, 30, or 50 m in thickness began to
exceed that of a nonaquifer GHE (Fig. 5). This occurred because
the low thermal conductivity of water kept the aquifer’s heat flux
stable, even though the heat flux of the other parts decreased.
After 250 h of continuous operation, the heat flux of a GHE in a
50 -m-thick aquifer was about 5% higher than that of a nonaquifer
GHE. Thus, the thicker the aquifer, the higher the heat flux of the
GHE.

These results indicate that a higher groundwater flow velocity
and a thicker aquifer both enhanced heat advection by ground-
water flow, each improving the thermal performance by as much
as 5%.

Effect of a Gravel-Filled Aquifer. The effect of a gravel-filled
aquifer on GHE thermal performance was also examined. Heat

Fig. 1 Schematic diagram of a GHE showing simulation
parameters
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flux profiles for operation times of 50, 150, and 250 h for a GHE
with an aquifer filled with granite gravel are shown in Fig. 7. In
the soil layers, the heat flux profiles were the same as in the water-
only case (Fig. 6): the heat flux decreased from 90 to 60 W/m2

after 250 h. In the aquifer layer, however, the heat flux was about
250 W/m2, several times the flux in a water-filled aquifer. The
thermal conductivity of granite is about seven times that of water
(Table 1). This result indicates that gravel, because of its high
thermal conductivity, improved heat advection more than ground-
water flow alone.

The effects on heat flux were also examined for three other
parameters: porosity, lithology, and groundwater flow velocity. In
general, porosity in a gravel layer ranges from 20% to 45% [11].
In one set of simulations, porosity was set at 20% and 45%, gran-
ite was specified for the aquifer gravel filling, and groundwater
flow velocity was set at 10�5 m/s. When the aquifer porosity was

Fig. 2 Diagram showing grid structure of numerical simulation. The thick black line repre-
sents the GHE.

Fig. 3 Diagram showing details of grid structure and groundwater flow parameters of the
aquifer simulation

Table 1 Thermal properties of water, soil, and gravel

q (kg/m3) cp (kJ/kg K) k (W/m K)

Water 1000 4.2 0.6
Soil 1960 1.2 2.1
Granite 2650 1.1 4.3
Tuff 1400 1.7 0.8

Table 2 Variable values for different simulations

Laq m 0, 10, 30, 50
V m/s 0, 10�6, 10�5, 10�4, 10�3

e % 20, 45

Table 3 Values of constants used in Eq. (2)

Daq m 20

Lbh m 100
Tbh

�C 5
wbh m 0.2
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20%, the average heat flux of the GHE was higher than when the
aquifer porosity was 45% (Fig. 8). The heat flux of a GHE with an
aquifer with a porosity of 20% was 20% higher than that of a non-
aquifer GHE. Thus, lower aquifer porosity led to higher heat flux
values.

Another simulation examined the heat flux of a GHE with an
aquifer containing tuff gravel (which has a low thermal conductiv-
ity), porosity of 20%, and groundwater flow velocity of 10�5 m/s.
The heat flux in this case was almost the same as that of a nona-
quifer GHE (Fig. 8). These results suggest that aquifer gravels
with high thermal conductivity, such as granite, increased the heat
flux when groundwater flow velocity was constant. Low aquifer
porosity also enhanced advection.

Another simulation examined the effect of differing ground-
water flow velocities (0, 10�6, 10�5, 10�4, or 10�3 m/s) in a
10 -m-thick aquifer filled with granite gravel. In general, ground-
water in Japan flows at velocities from about 10�5 to 10�6 m/s
[12–14]. Higher velocities of about 10�4 m/s can be seen in Holo-
cene alluvial fans in which the mountain watersheds forming them
have high sediment discharges [15–17]. Results are shown in Fig. 9
for different groundwater flow velocities. When the velocity was 0
or 10�6 m/s, the heat flux was similar to that of a nonaquifer GHE,
whereas when it was 10�5 m/s, the heat flux was 20% greater than
for a nonaquifer GHE. At velocities of 10�4 and 10�3 m/s, the heat
flux exceeded 130 and 140 W/m2, respectively, after 250 h of oper-
ation, about 60% higher than that of a nonaquifer GHE.

In sum, groundwater flow velocity had a greater effect on
advection than the other parameters examined, and the higher the
velocity, the more advection was enhanced.

Effect of Thermal Properties of Soil of the Nonaquifer. In
addition to the previously described simulations, we investigated
the specific effect of the thermal properties of soil and gravel. The
thermal properties of two different soils, wet and dry sand [15],
are summarized in Table 4. Aquifer porosity was set at 20%, and
aquifer thicknesses as great as 50 m were used to more precisely

Fig. 4 Heat flux values over time for different groundwater
flow velocities

Fig. 5 Heat flux values over time for different aquifer
thicknesses

Fig. 6 Heat flux profiles of a GHE with a water-filled aquifer
after continuous operation for 50, 150, and 250 h

Fig. 7 Heat flux profiles of a GHE with an aquifer filled with
granite gravel after continuous operation for 50, 150, and 250 h
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determine the effect of thermal properties of different types of
gravel.

First, two types of gravel (granite and tuff) in the aquifer and
two types of soil (wet and dry sand) in the nonaquifer were

investigated. After 250 h of continuous operation, the presence of
tuff gravel reduced the average heat flux of the GHE to less than
that of a nonaquifer GHE. When the gravel in the aquifer was
granite, the average heat flux was dramatically higher. A 10 -m-
thick aquifer and a groundwater flow velocity of 10�5 m/s yielded
an average heat flux 20% greater than that of a nonaquifer GHE,
and a 50 -m-thick aquifer yielded a 100% increase (Fig. 10).

Next, two types of soil (wet and dry sand) in the nonaquifer
were investigated with the aquifer held fixed at 50 m thickness
and 20% porosity and the gravel consisting of granite. The effects
of wet and dry sand were examined under groundwater flow
velocities of 0, 10�6, and 10�5 m/s. Average heat flux values for
the wet and dry sand were similar under each groundwater flow
velocity (Fig. 11) as they were in the previous simulation
(Fig. 10). Thus, the thermal conductivity of gravel in the aquifer
had a greater effect on advection than the thermal conductivity of
soil outside the aquifer. Interestingly, even with no groundwater
flow, the granite-filled aquifer had an average heat flux 5% higher
than that of the nonaquifer GHE (Fig. 11).

We also examined the effect of different groundwater flow
velocities under the same soil and gravel conditions. The aquifer
thickness and porosity were set at 50 m and 20%, respectively.
The nonaquifer soil was dry sand, and the gravel in the aquifer
was granite. When the groundwater flow velocity exceeded 10�6

m/s, the average heat flux was dramatically higher (Fig. 12). After

Fig. 8 Heat flux values over time for different levels of aquifer
porosity and lithology

Fig. 9 Heat flux values over time for different groundwater
flow velocities

Table 4 Thermal properties of wet and dry sand

cp (kJ/kg K) k (W/m K) a (m2/s)

Wet sand 1200 3.03 17.50� 10�4

Dry sand 1200 1.2 7.50� 10�4

Fig. 10 Heat flux values over time for soils and gravels with
different thermal properties
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continuous long-term operation, the aquifer with the 10�5 m/s
groundwater flow velocity increased heat flux by 100% over those
of the nonaquifer GHE and the aquifer with no groundwater flow.

Discussion

Parameter Effects on GHE Heat Flux. In our simulations, the
heat flux of a GHE with an aquifer consisting of only water and a
groundwater flow velocity of more than 10�5 m/s was higher than
that of a nonaquifer GHE. After continuous long-term operation,
groundwater advection in this water-only condition effectively
increased the heat flux of the entire GHE (Figs. 4 and 5). How-
ever, even with a thick aquifer, the heat flux increased by no more
than 5% because of the low thermal conductivity of water.

The heat flux of a GHE with an aquifer filled with granite
gravel was five times that of a GHE with a water-filled aquifer
after continuous long-term operation (Figs. 6 and 7). When gravel

composition and groundwater flow velocity were held constant,
lower porosity led to a higher heat flux (Fig. 8). When porosity
and groundwater flow velocity were held constant, granite gravel
in the aquifer led to much higher heat flux than tuff gravel. These
results suggest that the high thermal conductivity of granite
improved the thermal performance of the entire GHE.

In an aquifer filled with granite gravel and a groundwater flow
velocity greater than 10�4 m/s, the heat flux of a GHE was about
60% higher than that of a nonaquifer GHE (Fig. 9). Thus, higher
values of thermal conductivity and groundwater flow velocity had
a combined effect greater than the sum of their individual effects.

Thermal Conductivity of Gravel. If about 50% of a GHE was
in an aquifer, the high thermal conductivity of granite gravel
increased the heat flux of the GHE by 100% compared to a nona-
quifer GHE (Figs. 10–12). The presence of granite gravel in the
aquifer had a greater effect than any change in the thermal proper-
ties of the nonaquifer layer, even at the low groundwater flow
velocity of 2� 10�6 m/s (Fig. 12).

Thus, the thickness of the aquifer and the thermal conductivity
of the gravel in the aquifer were more important than the ground-
water flow velocity.

Groundwater Flow Velocity in Japan. An aquifer is typically
a water-filled stratum composed of coarse-grained clastics such as
gravel and sand. The 3D numerical simulations showed that in the
case of a gravel-filled aquifer, the thermal performance of a GHE
was enhanced by low porosity, high thermal conductivity of the
gravel, and high groundwater flow velocity.

If the groundwater flow velocity was higher than 10�5 m/s,
groundwater advection enhanced heat transfer in geologic materi-
als and led to the GHE having a high heat flux [14].

Fig. 11 Heat flux values over time for soils with different ther-
mal properties and different groundwater flow velocities

Fig. 12 Heat flux values over time for dry sand and granite
gravel and different groundwater flow velocities

Table 5 Simulated groundwater flow velocities in Japan

Region Groundwater flow velocity (m/s) Reference

Akita Plain 1.4� 10�9 to 8.4� 10�9 [18]
Sendai Plain 1.4� 10�5 to 1.4� 10�4 (quaternary) [16]

1.4� 10�10 to 1.4� 10�8 (tertiary)
Matsumoto Basin
(Takase River
alluvial fan)

1.0� 10�4 [15]

Nobi Plain 10�5 (average) [19]

<6.3� 10�7 (southeastern part)
Fukui Plain <10�5 [20]
Echi River 7.4� 10�8 [21]
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Table 5 lists some previously published simulated groundwater
flow velocities in Japan. Actual groundwater flow conditions are
more complicated. Groundwater flow velocities greater than
roughly 10�4 m/s have been observed only in some alluvial fans
associated with high mountains [15]. Measurements of ground-
water flow velocity by tracer studies in boreholes are relatively
unreliable owing to high drilling costs, limited accuracy, and short
observation periods. In general, the effect of groundwater advec-
tion is likely to be less than 20%.

Conclusion

This study examined the effects of parameters related to
groundwater flow (aquifer thickness, porosity, lithology, and
groundwater flow velocity) on the thermal performance of GHEs.
Given the thin aquifer (10 m or 10% of the length of the GHE)
specified in our study, groundwater flow velocity had the greatest
effect on heat flux. With a groundwater flow velocity of at least
10�4 m/s through a low-porosity aquifer filled with gravel with
high thermal conductivity, the heat flux of a GHE was as much as
60% higher than that of a GHE that did not intersect an aquifer.

When an aquifer was specified as thick as 50 m (or 50% of the
length of the GHE), the high thermal conductivity of gravel
increased the heat flux of GHE by 100% over that of a nonaquifer
GHE at a groundwater flow velocity at least 10�5 m/s. Thus, not
only the groundwater flow velocity but also the aquifer thickness
and thermal conductivity were important. Given the shortcomings
of groundwater flow velocity determinations, it is critical to use
these other parameters in designing ground source heat pump
systems.
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Nomenclature

cp ¼ specific heat (kJ/kg K)
cp,e ¼ specific heat of aquifer (kJ/kg K)
cp,p ¼ specific heat of particles (kJ/kg K)
cp,s ¼ effective specific heat (kJ/kg K)

cp,w ¼ specific heat of water (kJ/kg K)
Daq ¼ depth of the aquifer top (m)

h ¼ hydraulic head pressure (m)
k ¼ thermal conductivity (W/m K)

ke ¼ thermal conductivity of aquifer (W/m K)
kf ¼ thermal conductivity of fluid (W/m K)
kp ¼ thermal conductivity of particles (W/m K)
ks ¼ effective thermal conductivity (W/m K)
L ¼ length (m)

Laq ¼ aquifer thickness (m)
Lbh ¼ borehole length (m)

t ¼ time (s)
T ¼ temperature (�C)

Tbh ¼ borehole temperature (�C)
u ¼ groundwater flow velocity in x direction (m/s)
v ¼ groundwater flow velocity in y direction (m/s)
V ¼ groundwater flow velocity (m/s)

wbh ¼ borehole width (m)
x ¼ x-axial distance (m)

y ¼ y-axial distance (m)

z ¼ z-axial distance (m)
a ¼ thermal diffusivity (m2/s)
e ¼ aquifer porosity (%)
q ¼ density (kg/m3)

qe ¼ aquifer density (kg/m3)
qp ¼ particle density (kg/m3)
qs ¼ effective density (kg/m3)
qw ¼ water density (kg/m3)
u ¼ function
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