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ABSTRACT

Distribution of the suitable areas of the Geothermal Hesat
Pump system is studied. For the closed loop system, the
distribution of the Darcy velocity of groundwater flow in
aquifers in the Nobi plain is estimated. The velocity of
groundwater flow is calculated from hydraulic gradient and
permeability coefficient of aquifers. Distribution of
hydraulic gradient is estimated from interpolated
distribution of water table of wells using kriging. In the
most part of the alluvial fan area, the gravel is dominant in
the formation and the velocity is >10%m/s. In the
southwestern area, the velocity is <6.3x107m/s. This
difference of groundwater velocity would affect effective
heat conductivity of formations and heat transfer under the
ground. For the open loop system, distributions of aquifers
and groundwater yields are studied using awell database to
evaluate the potentia installation of the open loop systems
in the Nobi plain of Gifu prefecture. The distribution of two
aquifers is deduced from that of well screens, and these are
getting deep gradually toward the south. The distribution of
the groundwater yields indicates that the open loop systems
using pre-existing wells have a potential installation in the
whole of the study area. The distribution of the groundwater
yields drawn from the aquifers shallower than 50m depth
shows that the northern part of the study area is a suitable
area for the instalation of the open loop systems with a
well drilling. The potential installation of the open loop
systems using the groundwater drawn from the total depth
and shallower than 50m depth are 52.9% and 26.0% for the
houses in the study area, respectively. These results suggest
that the study area has a large potential for the installation
of the groundwater heat pump systems.

1. INTRODUCTION

The geothermal heat pump systems (GeoHP) are largely
divided into two types; open loop systems which exchange
heat from pumped up groundwater and closed |oop systems
which exchange heat in the heat exchanger(s) installed in
the underground. Since the most of urban areas in Japan
have experienced severe land subsidence, groundwater use
is regulated and open loop systems must not be installed in
these areas. As the horizontal type, heat exchange(s) is
installed horizontally in the shalow depth, needs large
space for their installation, it is difficult in Japan. Therefore,
the vertical type of the closed loop systems is possible to
install in the most of urban areas in Japan.

Shortening the length of heat exchanger is important in the
economical aspect, as the initial installation cost, especialy
drilling cost, is high in Japan. Niibori et al. (2002) clarified
that the length of heat exchanger can be shortened due to

heat convection in the area of >10°m/s of groundwater flow.

Niibori and Nakagome (2005) reported that the length of

heat exchanger can be shortened in the area of >10°m/s of
groundwater flow, because the underground thermal
condition returns to the initia condition after one year in
the area of >10°®my/s. In contragt, it is estimated that > 50%
of stored heat energy will be recoverable in the area of
<6.3x10"m/s of groundwater flow (New Energy and
Industrial Technology Development Organization, 2000).
As described above, the groundwater flow effect on heat
extraction has been understood by previous studies.
Therefore, it is possible to study where is good areas for the
GeoHP use based on these understandings.

Although the pumping up of groundwater is regulated in
most of large cities as mentioned above, it is alowed in
some cities where are little risk for a land subsidence. To
install the open loop system economicaly, shallower
aquifers enable us to decrease the length of boreholes and
initial cost of GeoHPs. Many well information is stocked in
the areas where plenty of groundwater is pumped up, and
this information can be used for understanding the aquifer
structure. Groundwater yields of well information can be
used for estimating a potentia of the open loop systems.

In this paper, the distribution of groundwater velocity based
on geologica and hydrological data and suitable area
selection for the closed loop system of GeoHP are
described. To examine suitable area selection for the open
loop system, depth distribution of the shallowest aquifer
and groundwater yields from pre-existent wells are aso
described.

2. CHARACTERICTICS OF STUDY AREA

The Nobi Plain, one of the largest plain in Japan, is selected
as a study area for this study. As this area has been
experienced severe land subsidence from the 1950s to
1970s, the geological and hydrological data are well
collected. The southern area of the Nobi Plain is that the
groundwater use is strictly regulated, while the northern
areaisbasically not.

Geology and hydrology in the Nobi Plain is well described
by Subsidence Survey Committee in Tokai Region (1985).
The pre-Tertiary basement rocks have subsided deeper than
2 km, and younger sedimentary layers cover the basement
(Figure 1). The basement consists of the Jurassic
accretiona complex and the late Cretaceous to early
Paleogene granitic rocks. These are displaced verticaly
along the Yoro-lsewan fault, which is aong the western
margin of the plain, and the top of the basements is very
deep in the eastern side of the fault. The deeper sedimentary
layers covering on the basements are more inclined, while
the shallower layers are less. The deeper and shallower
sedimentary layers contact with the basement in the western
margin of the plain and their boundary is the Y ori-lsewan
fault. This suggests that the basements of the plain have
been inclined during the sedimentation.
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Figure 1: Hydrogeological cross section of the Nobi plain (revised from Subsidence Survey Committee in Tokai Region,

1985). G1, G2 and G3 are aquifers.

Most of the top of the Nobi plain is comprised of the
Quaternary layers,and the urban areas are generally located
on these layers. Therefore, the shallower depth of the urban
areas mainly consist of the Quaternary and unconsolidated
layers.

Main aquifers of the Nobi plain are the G1, G2 and G3
aquifers; the G1 aquifer is the shallowest, and the G3 is the
deepest (Figure 1). The upper depth and layer thickness
distributions are aready clarified by Subsidence Survey
Committee in Tokai Region (1985). The top depth of the
basement rocks is shallower in the northern and eastern
areas and deeper in the southern and western areas. Each
aquifer also becomes deeper from northeast to southwest.
The top depth of the G1 aguifer, the shallowest one, is
shallower than 10 m in the northern and eastern areas, while
it is deeper than 50 m in the southwestern area (Figure 2a).
Its layer thickness is more than 20 m below the large rivers
in the western area, and more than 40 m in a part of the
northern area (Figure 2b). The rate of gravel layersis more
in the northern area (Figure 2c).

3. ESTIMATION OF GROUNDWATER VELOCITY
BASED ON WELL INFORMATION

The distribution of groundwater velocity in the study areais
estimated from geologica and hydrological data To
estimate it, the distributions of hydraulic head and Darcy
velocity of groundwater on each aquifer are calculated from
water tables of wells. A geographica information system
(GIS) software ESRI ArcGIS 9.1 is used for calculation,
and atitude data is from the digita map 50m grid
(elevation) published by the Geographycal Survey Institute.
Geologicad and hydrological data is input in the GIS
software, and unknown values for any geographic point
data is predicted by interpolation. The Darcy velocity of
groundwater is calculated from the slope of hydraulic head
distribution on the assumption of permeability coefficient,
which is presumed as a constant value 10°m/s in each
aquifer based on the results of pumping test (Figure 3). In
this study, groundwater flow is supposed to be horizontal
and limited only within the aquifers.

Two kinds of well information are used; one is that of the
wells monitoring water table and the other is the wells
registered to the database of the ministry of Land,
Infrastructure, Transport and Tourism. The wells
monitoring water table are well spread in the study area,
and monitor the water table continuously. But the number
of the monitoring wells is limited and those are very few in
the aluvial fans. The number of the wells registered to the
database of the ministry of Land, Infrastructure, Transport
and Tourism is enough to study, although the data quality
of well information registered the database is not accurate
rather than that of the monitoring wells. The well data
registrated to the database in the northwestern part are
added to supplement the well information in the aluvial fan
area.

The hydraulic head distribution is estimated from
interpolation of hydraulic head data using ArcGIS 9.1.
Kriging is used for this interpolation. Kriging is one of the
geostatistical methods, and it is based on statistical models
that include autocorrelation — the statistical relationship
among the measured points. Because of this, not only do
these techniques have the capability of producing a
prediction surface, but they can also provide some measure
of the certainty or accuracy of the predictions.

Kriging is weights the surrounding measured vaues to
derive a prediction for an unmeasured location. The genera
formula for both interpolators is formed as a weighted sum
of the data:

Z(s,) = 2 AZs) &)

where Z(s), Ai, S N are the measured value at the ith
location, an unknown weight for the measured value at the
ith location, the prediction location, the number of
measured values, respectively.
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Figure 2: a) Upper depth and b) layer thickness of the
G1 aquifer (revised from Subsidence Survey
Committeein Tokai Region, 1985). The humbers
in b) indicate layer thickness (meter). ¢) The
ratio of gravel thicknessto borehole length. Gray
broken and thin lines indicate altitude of 0 and
100m, respectively. Gray bold lines are altitude
of 200 m interval. Solid circles are studied
boreholes.
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Figure 3: Permeability coefficient calculated from
pumping tests (Subsidence Survey Committee in
Tokai Region, 1985).

In spatial modeling of the structure of the measured points,
we begin with a graph of the empirical semivariogram 3(hy,

computed as:

1 2
- 7z —Z(s.
AN NE(h)( (s)-Z(s)” ©

where h, [N(h)| are distance, the number of al parts of
locations separated by distance h, respectively.

y(h) =

The next step is to fit a model to the points forming the
empirical semivariogram. This study chooses the following
functions to model the empirical semivariogram: Spherical,
Exponential and Gaussian. These models are as follows:

The Spherical model

hY 1(hY
}/(h):CO'i'C g(gj—z(gj (h<a)

=G +C (h>a) ({3
The Exponential model
h
y(h) =¢, + C{l— eXp(— 5)} @

The Gaussian model

h 2
y(h)=c,+cl1-ex _(Ej ©)

where ¢y + ¢, a, ¢y are sill, range and nugget, respectively.
To compare these models, the root-mean-square prediction
errors on the differences between the measured value at a
location and the value predicted from the surrounding
measured values if no measured value is at same location is
calculated:

(Z(s)- «(s))

(2(8) - 28) e = | F— ®
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The result of the above calculation shows that the Gaussian
model is minimum on the root-mean-square errors, and this
is applied to fit amodel to the points forming the empirical
semivariogram.

Table 1. Root-mean-square prediction errors of
Spherical, Exponential and Gaussian models for

each aquifer.
Spherical Exponential Gaussian
G1 aquifer 3.01 3.22 2.59
G2 aquifer 3.01 3.25 2.12
G3 aquifer 1.29 1.53 1.39
NW area 2.88 2.88 3.50
Average 2.55 2.72 240
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Figure 4: Cells to be used for the calculation of slope of
hydraulic head distribution (Burrough, 1990).

The predicted values of the hydraulic head are in cells in
raster. When cells are arranged in Figure 4, the lope G (%)
on cell (i,j) isasfollows:

G, j) = (%j +%} "

{52} Ligia T2+ 0
i

X 86X

_ Zi—l,j+l + zzi—l,j + Zi—l,j—l

8
8% ®
{§:| _ Zi+1,j+1 + ZZi,j+1 + Zi—l,j+1
|, 8dy
_ Zim_1 + ZZM_1 + Zi—l,j—l o

8dy

where &, dy are intervals of cells aong x- and y- axes,
respectively.

The estimated hydraulic head distributions of each aquifer
are shown in Figure 5. That of the G1 aquifer is arange of —
5m to 10m in most of the study area, and it becomes higher

toward the northeastern area (Figure 5a). That of the
northeastern area is from Om to 35m, and it becomes higher
toward the upstream area of the alluvial fan. That of the G2
aquifer is arange of -5 to 15m, and it aso becomes higher
toward the northeastern part (Figure 5b). That of the G3
aquifer is from —-5m to 10m, and it becomes higher gently
toward the northern part (Figure 5c).

The estimated Darcy velocity distributions of groundwater
of each aquifer are shown in Figure 6. That of the G1
aguifer is <6.3x107mV/s in most area of the southwestern
part, and >10°m/s in some area of the northwestern and
northeastern parts (Figure 6a). That of the G2 aquifer isalso
<6.3x10"m/s in most area of the southwestern part, and
>10°m/s in some area of the northwestern and northeastern
parts (Figure 6b). That of the G3 aquifer is <6.3x10"'m/s in
most area of the southwestern part.

4. EXAMINATION OF AQUIFER DISTRIBUTION
BASED ON SCREEN DEPTH

The area where the pumping up of groundwater is not
regulated is only the northern and northwestern parts of the
study area. The examinations of aquifer distribution and
groundwater yields (next chapter) are limited in these parts.
The aquifer distribution is estimated from screen depth of
wells. The top and bottom depths of screens are recorded in
the well database. These depths are assumed to be
consistent with those of aquifersin this study.

Spatial and height distribution of the well screensis shown
in Figure 6. Solid circles are plotted when wells have
screens within the height range shown at the lower left of
each figure in Figure 6. Screens > —10m height is in the
northern area. The figures above —60m above sea level
(asl.) show that shallower screens are in the northern area
and screen distribution moves to southwest toward —60m
asl. The figure from -50m to —60m a.s.l. shows two
clusters of well screens in the northern and southwestern
areas. The cluster in the northern area moves again to
southwest toward —140m a.s.l. Two aquifers are recognized
from the screen distribution. One is at a depth of about —
10m in the northern area, becomes deeper toward southwest,
and at a depth of about —-60m in the southwestern area. The
other is at a depth of about -60m in the northern area,
becomes deeper toward southwest, and at a depth of about —
140m in the southwestern area.

Spatial and depth distribution of the well screens is shown
in Figure 7. This distribution is similar to that of height
distribution.

5. POTENTIAL INSTALLATION OF OPEN LOOP
SYSTEM BASED ON GROUNDWATER YIELDS

The potentia installation of the open loop systems is
examined based on the groundwater yields of pre-existing
wells. The study areais divided into 1030 meshes, and the
ratio of potential installation of the open loop systems to
private household is calculated in each mesh. Two kinds of
groundwater yields are examined; one is the groundwater
yields from al depth of screens, the other is those from
<50m depth.

Assumptions for this examination are as follows. The open
loop systems are used for air conditioning and hot water
supply in each house. The amount of floor space for air-
conditioning is 32m? in each house. The power of water-
source heat pumps is 6kW, its COP is 5, the temperature
difference of inlet and outlet for groundwater is 5°C, and
the amount of groundwater yields for the operation of



GeoHPs is 20L/min. The number of hours that the GeoHPs
are worked is assumed as follows. Ishida (1997) shows the
energy consumption per household in study area (Table 2).
Electric energy consumption using GeoHPs can be
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consumptions of Table 2. Tota dectric energy
consumption using GeoHP is 3.4MWh/(year - household).
Therefore, the operation time of the GeoHP is 1700h per
year and groundwater yield per household is 2040m°/year,
when electricity consumption of the GeoHP is 2kW.
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Figure 5. Distribution of hydraulic heads (m) above sea
level of a) G1 aquifer and the northwest area of the

Nobi plain, b) G2, ¢) G3 aquifers.
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Figure 6. Estimated Darcy velocity of groundwater

(x10° m/s) in the a) G1 aquifer and the northwest
area of the Nobi plain, b) G2, ) G3 aquifers.
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Figure 6: Distribution maps of well screens on the Nobi plain in Gifu prefecture. Solid circles are wells having screens
within the altitude range shown at the lower left of each figure. Gray broken and thin lines indicate altitude of 0 and
100m, respectively. Gray bold lines are altitude of 200 m interval. a.s.l: above seelevel.
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Figure 7: Distribution maps of well screens on the Nobi plain in Gifu prefecture. Solid circles are wells having a screen
within the depth range shown at the lower |eft of each figure.
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Table 2: Energy consumption per household in Tokai region. * from Ishida (1997).

Hot Water

Cooling Heating Supply Total
Secondary Energy Consumption
(MWh/vear) 044 295 582 9.21 *
Primary Energy Consumption
(MWh/vear) 115 375 6.05 1095 *
Electric Energy Consumption in
Secondary Energy Consumption 100 168 245
(%)
Electric Energy Consumption 044 12 176 34

using GeoHP (MWh/year)

Table 3: Groundwater yield, and number and ratio of houses in which can install a groundwater heat pump system on the
Nobi plain in Gifu prefecture. 1) Estimation based on the whole groundwater yield. 2) Estimation based on the

groundwater yield shallower than 50m depth.

Groundwater yield (m®/day)

Number of houses in which can install
a groundwater heat pump system

Ratio of houses in which can install
a groundwater heat pump system

1 2
1,216,648 597,795
217,685 106,959
52.9% 26.0%

Figure 8 shows distribution of household in the area where
groundwater pumping up is not regulated in study area.
Population is concentrated in city area; Gifu and Ogaki.

Most of presently pumped up groundwater is used for water
resources, not for heat energy resources. The number of
houses in which can install a open loop system is calculated
based on present groundwater yield, when pumped up
groundwater is presumed to be used for heat energy
resources and then for water resources (Figure 8). Two
types of the number of houses in which can install an open
loop system are calculated. Number of houses in which can
install an open loop system (1) is that groundwater yields
from all depth are considered, and (2) is from <50m depth.
The ratio of houses in which can install an open loop
system is also calculated on above two types.

The distributions (above 1 and 2) of number of houses in
which can install an open loop system are shown in Figure
9a and 9b, respectively. In Figure 9a, the meshes with >500
houses for possible installation are sparsely distributed, and
there are some meshes with >1000 houses. In Figure 9b, no
distribution is in the southern area of study area, and the
mesh distribution is similar to that of Figure 9a in the
northern area.

The ratios (1 and 2) of houses in which can install an open
loop system are shown in Figure 10a and 10b, respectively.
In Figure 10a, the meshes with >100% houses for possible
installation are sparsely distributed. Comparing Figure 10b
with Figure 10a, meshes with > 100% markedly decrease in
FigurelOb.

In the whole study area, totas of groundwater yield,
number and ratio of houses in which can install an open
loop system are described in Table 3. In the case of
groundwater from all depths, 52.9% of houses can install
this system. From <50m depth, 26.0% is possible.

6. DISCUSSION

6.1 Potential for Installation of Closed L oop System

The area with Darcy groundwater velocity of >10°nvs is
not recognized in each aquifer in the study area. This
indicates that the area where the efficient heat extraction is
expected due to faster groundwater flow is not found in this
study. The area with Darcy velocity of >10°m/s is widely

spread in the northeastern and northwestern parts. This
groundwater velocity is only limited in aquifers, and it
should be slower except aquifers. As heat extraction by the
verticd heat exchanger of the closed loop system is
performed not only aquifers but also other formations,
groundwater flow except aquifers should also be considered
for heat extraction of the closed loop system. But the
groundwater flow in the northeastern and northwestern
areas, where faster Darcy velocity is expected, would be
faster most of depths along the vertica heat exchanger,
because underground in these areas consists of largely
gravel layers due to aluvia fan. This suggests that these
areas are suitable for the closed loop systems due to faster
groundwater flow.
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Figure 8. A distribution map of the number of private
households on the Nobi plain in Gifu prefecture.

The area with Darcy groundwater velocity of <6.3x10'm/s
is recognized in each aquifer in the southwestern part of the
study area, and this suggests that the seasona heat storage
can be expected in this area. Although estimated dower
groundwater flow is only limited in aquifers in this study,
permeability coefficient of formations except aguifers
should be less than that of aquifers, and the groundwater
velocity of these layers is slower than that of aquifers.
Therefore, the groundwater velocity in al depths would be
expected to be dower. This suggests that this area is
suitable for the underground heat energy storage.
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which can ingtall a groundwater heat pump
system on the Nobi plain in Gifu prefecture. a)
Estimation based on the whole groundwater
yield. b) Estimation based on the groundwater
yield shallower than 50m depth.

6.2 Potential for Installation of Open L oop System

Two aquifers are recognized from the distribution of screen
depth, and these are shallower in the northern area. For
drilling production wells or injection wells, a shallower
aquifer is preferable. From this point of view, the northern
part of study areais suitable for the open loop system.

The open loop systems using pre-existing wells should be
distinguished from that with new well drilling, when the
potential for installation of open loop system is examined.
They do not need to drill production and injection wells,
and the depth of aquifersis not important. In contrast, those
with new well drilling should consider the depth of aquifers
for potentia installation.

Figures 9a and 10a show that many meshes both in the
northern and southern parts of study area are appropriate for
the open loop systems using pre-existing wells. Figures 9b
and 10b indicate that the meshes with possible installation
for the open loop systems with new well drillings are only
in the northern part. This difference results from the aquifer
depth distribution. The aquifers become deeper toward
southwest. It is difficult to pump up groundwater from
shallower depth due to this aquifer distribution. This
suggests that enough amount of groundwater can be
produced in the shallower aquifer of the northern part, and
that there is a suitable area for the installation of the open
loop systems.
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which can ingtall a groundwater heat pump
system on the Nobi plain in Gifu prefecture. a)
Estimation based on the whole groundwater
yield. b) Estimation based on the groundwater
yield shallower than 50m depth.

7. CONCLUSIONS

Distribution of the Darcy velocity of groundwater flow in
aquifers in the Nobi plain is estimated to understand
suitable area for installation of the closed loop systems of
the GeoHPs. In any area of the Nobi plain, the velocity of
groundwater flow in the aquifer is not expected to be >10°
>m/s. In the most part of the alluvial fan area, the gravel is
dominant in the formation and the velocity is >10°nvs. In
the southwestern area, the velocity is <6.3x10'nVs. This
difference of groundwater velocity would affect effective
heat conductivity of formations and heat transfer under the
ground, and northeastern and northwestern areas of the
study area are suitable for the closed loop systems due to
faster groundwater flow, while southwestern area is for the
underground heat energy storage due to slower groundwater
flow.

The distribution of two aguifers is deduced from that of
well screens that are getting deeper gradually toward the
southwest. The distribution of the groundwater yields
indicates that the open loop systems using pre-existing
wells have a potential installation in the whole of the study
area. The distribution of the groundwater yields drawn from
the aquifers shallower than 50m depth shows that the
northern part of the study area is a suitable area for the
installation of the open loop systems with new well
drillings. The potential installation of the open loop systems
using the groundwater drawn from the total depth and
shallower than 50m depth are 52.9% and 26.0% for the
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houses in the study area, respectively. These results suggest
that the study area has a large potential for the installation
of the open loop systems.
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