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ABSTRACT

Shallow geothermal energy suitability map presents the potential for implementation in a region. The
potential for implementation depends on hydrogeology, geotechnical, geology environment, and
geothermal characteristics. Plenty of scholars evaluate shallow geothermal energy by the algorithm
combined Analytic Hierarchy Process and Index Overlap. But Analytic Hierarchy Process and Index
Overlap, as knowledge driven methods, rely on the experts' experience. This research presents a data
driven algorithm based on Entropy Weight Method and TOPSIS Method. The weights are calculated by
the Entropy Weight Method and assigned to the TOPSIS model. The closeness coefficient could be
calculated by TOPSIS model. The suitability potential is analysed by comparing the closeness coefficient.
The algorithm is accomplished by coding a program using Matlab. The algorithm is also applied to
Nantong, China. Depending on the principle of ground source heat pump system, the suitability evalu-
ation system of the open loop system and the closed loop system are established, respectively. Hydro-
geology, geotechnical, geothermal, and geology environmental investigations are carried out to obtain
the measured data and parameters for suitability analysis. The suitability maps are drawn in according
with closeness coefficient. The algorithm is able to overcome the subjectivity of experts' experience.
Compared with knowledge driven methods, the proposed algorithm tends to compare the relative po-
tential in a region, rather than assess whether the site is suitable for SGE implementation. Consequently,
it is more suitable for selecting the best field-site.

© 2021 Published by Elsevier Ltd.

1. Introduction

for SGE implementation depends on field-site conditions, i.e. hy-
drogeology, geotechnical, and geothermal characteristics. Different

Greenhouse gas emissions, climate change, and the rising en-
ergy demand are currently seen as most crucial environmental
concerns. Renewable energy use is claimed to be at least a partial
solution in order to reduce fossil energy consumption and related
environmental impact as well as capital and operating and main-
tenance costs [1]. Shallow Geothermal Energy (SGE) is a kind of
renewable energy. It has become popular to achieve space heating
and cooling for the purpose of thermal comfort by SGE imple-
mentation all over the world, especially in Europe [2—4], North
America [5—7], and Southeast Asia [8—10]. However, the potential
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field-site conditions would be resulted in the different economic
value. It is important to evaluate the suitability in a region and
select a high-potential field-site to exploit SGE.

Suitability analysis is used to establish the suitability of the
process and procedures of some activity [11—13]. And it has been
applied in a wide variety of situations, especially in suitability of
land for agricultural activities [14,15]. The best field-site selection
for SGE and the regional planning could be achieved by suitability
analysis. Potential for SGE implementation is usually in relation to
several attributes, such as hydrogeology, geotechnical and
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geothermal characteristics, etc. The essence of suitability evalua-
tion is multi-criteria decision analysis.

The common method to assess the suitability is achieved by
Analytic Hierarchy Process (AHP) and Index Overlap (I0) [16—18].
Tinti et al. presented a method to assess the suitability of SGE by
Multi-criteria decision analysis using the AHP [19]. The method was
applied to map the suitability zones in Europe. Sadeghi and Kha-
lajmasoumi analysed the acidic volcanic and intrusive rocks, vol-
canoes, faults, hot springs, geothermal alterations in Northwestern
Iran and studied the geothermal potential by binary IO and Fuzzy
Logic methods [20]. The study presented that the central parts of
the study area have more potential for detailed exploration in the
future. But previous research indicated that the weight of the fac-
tors is important in the process of suitability evaluation. AHP, as
knowledge driven methods, are based on the experts' experience.
However, experts' experience will lead to subjective results. If the
study area is large, it is nearly impossible to expect from the experts
to obtain the detailed knowledge about every single locality in the
study area.

Noorollahi et al. developed Boolean Logic and 10 models for
geothermal site selection [21]. The results were combined with
environmental suitability analysis for final selection of well sites.
Tiifek¢i identify potential geothermal areas in western Anatolia,
Turkey, using 10 method and Weights of Evidence method, respec-
tively [22]. The results were demonstrated by Aydin and Denizli,
Turkey [23,24]. Aydin and Denizli, Turkey have been explored and
exploited geothermal resources, and thus found to be favourable.
Kiavarz and Jelokhani-Niaraki attempted to incorporate the concept
of risk into the GIS-based analysis for suitability evaluation with
different pessimistic or optimistic strategies via Ordered Weighted
Averaging approach [25]. The approach was applied in Akita and
Iwate provinces, Japan. Boolean Logic, Weights of Evidence, and
Ordered Weighted Averaging, as data driven methods, could calcu-
late the weight objectively. It demonstrates that data driven methods
could eliminate weight problem. It is meaningful to get objective
weight in the process of suitability evaluation.

Casasso and Sethi developed G.POT model, a quantitative
method, to assess the SGE potential by a set of analytical heat
transfer simulation [26]. The method was applied to the province of
Cuneo, Italy [27]. Fujii et al. established a numerical model and
simulated the heat exchange performance at different locations.
The suitability maps for ground-coupled heat pump systems of
Chikushi Plain, Japan were presented by the numerical simulation
[28]. The quantitative calculation method is able to present suit-
ability map objectively. But a large amount of calculation workload
is required.

This paper presents an algorithm to evaluate the suitability for
SGE implementation in the region by the Entropy Weight (EW)
Method and the TOPSIS Method. The algorithm was coded using
MATLAB. The algorithm could obtain the weight and rank suitable
zones without experts' experience. The principle is simple and the
calculation workload is small. We first identify the factors of suit-
ability evaluation for SGE development by analysis of Ground
Source Heat Pumps (GSHP) principle and successful exploiting SGE
projects. And a series of factors will be selected to represent the
criteria. Secondly, the weight of each factor will be calculated
quantitatively by the EW Method. Thirdly, the exploitation poten-
tial of SGE will be calculated quantitatively by TOPSIS Method.
Lastly, the proposed algorithm will be implemented to evaluate
suitability potential for SGE implementation in Nantong, China.

2. Methodology

Aim at evaluating potential for SGE implementation in a region
quantitatively, the algorithm mainly contains six steps. The steps
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are presented below:

Step 1 : Establish a suitability evaluation system by the principle of

GSHP implementation. The attributes that have an effect on

the suitability system are determined, i.e. hydrogeology,

geotechnical, geology environment, and geothermal char-
acteristics. In addition, a series of factors which could pre-
sent attributes characteristics are determined.

: Discretize the study area into grids. Each node would

present a field-site.

: Investigate the hydrogeology, geotechnical, geology envi-

ronment, and geothermal characteristics. Collect the

measured data and parameters from field tests as factors.

Insert and assign the factors to the grids.

Step 4 : Calculate the weight of each factor by EW Method.

Step 5 : Assign the weight to the factors. Calculate the closeness
coefficient of each node. The potential will be determined by
comparing the closeness coefficient.

Step 6 : Map the suitability in a region.

Step 2

Step 3

2.1. Suitability evaluation system

The exploitation of SGE requires GSHP to transfer the heat. The
GSHP can be classified generally as open loop system and closed
loop system depending on the nature of the ground heat exchanger.
The open loop system uses natural groundwater as a heat carrier.
The closed loop system requires pipes to be placed in the ground.
And the mixture of water and anti-freeze as a heat carrier circula-
tion in the pipes, is separated from soil and groundwater. The
schematic diagrams of GSHP system type and principle are shown
in Fig. 1.

The applicable conditions of the open loop system and the
closed loop system are different, due to the different principles. It is
necessary to identify the factors for GSHP. Successfully exploiting
SGE with the combined use of the GSHP technologies described
above depends on the attributes as hydrogeology, geotechnical,
geology environment, and geothermal characteristics. The suit-
ability evaluation system for the open loop system and the closed
loop system is established, respectively [29].

The open loop system requires pumping and recharging
groundwater from the aquifer. The heat transport in the aquifer is
dominated by heat convection. Heat transport is mainly influenced
by hydrodynamic parameters, while thermal conductivity has a
minor impact on the heat diffusion into the aquifer [30]. The ability
of pumping and recharging groundwater is important. But
groundwater abstraction would cause land subsidence. Conse-
quently, seven factors are identified to evaluate the suitability of the
open loop system. The suitability evaluation system of the open
loop system is shown in Fig. 2.

The closed loop system is linked to Borehole Heat Exchangers
(BHE) to capture or dissipate heat from the ground. A limit is
therefore imposed on the thermal alteration of the heat carrier
fluid, which mostly depends on the thermal parameters of the
ground [31]. Consequently, seven factors are defined to evaluate the
suitability for the closed loop system. The suitability evaluation
system of the closed loop system is shown in Fig. 3.

2.2. EW method

EW Method is a branch of information theory. It can capture the
implied interactions among factors and be commonly used to
measure value dispersion in decision-making. The weight of each
factor could be determined. The EW Method is mainly divided into
the following steps [32—34]:
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(a) the open loop system
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(b) the closed loop system

Fig. 1. Schematic diagrams of GSHP system type and working principle.

Step 1 : Construction of the initial decision matrix

The initial decision matrix is constructed as follows:

X111 X12 X1n
X X e X

X= |72l Faz e on (1)
Xm1 Xm2 - Xmn

Where X is the initial decision matrix, m is the number of nodes for
suitability evaluation, n is the number of factors, x; is the analysed
values of each sample parameter,i=0,1,2,...,m,andj=0,1,2, ...,
n.

Step 2 : Normalization of the initial decision matrix
It is necessary to normalise the matrix, since dimension and

metric of the data are not uniform. The normalised decision matrix
can be expressed as following:

Yuu Y12 -+ Y
Y — y?1 y?z - y?n 2)
Ymi Ym2 -~ Ymn
YVij = M, (efficiency type)
(xij)jmax ; (xif)]min 3)
Xii — Xji
Vij = M, (cost type)
(xi]')]max - (xﬁ)lmin
Where Y is the normalised decision matrix.
Step 3 : Calculation of the entropy
The entropy of each factor can is calculated as following:
1 m 1
&= "nm > i, pilnpj (4)

m
pij :.Vij/ > Vi (5)
Where e; is the entropy of each factor.

Step 4 : Calculation of the weight

The weight of each factor can is calculated as following:

wi = (1 —ej)/zf]u —¢)) (6)

Where wj is the weight of each factor.

2.3. TOPSIS

TOPSIS (Technique for Order Preference by Similarity to an Ideal
Solution) is used for solving multi-criteria decision analysis prob-
lems [35,36]. TOPSIS is based on the concept that the chosen
alternative should have the shortest geometric distance from the
positive ideal solution and the longest geometric distance from the
negative ideal solution. The specific steps can be expressed as
following:

Step 1 : Construction of the normalised decision matrix.
The normalised decision matrix is constructed as Eqgs. (1) ~ (3).
Step 2 : Construction of the weighted decision matrix.

The calculated weight above is assigned to the normalised de-
cision matrix as

211 Z12 ... Z1n
z= "1 2 o P 7)
Zm1 Zm2 .-~ Zmn

Where Z is weighted decision matrix.
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Step 3 : Determination of the positive and negative ideal reference
points

The positive and negative ideal reference points can be outlined
as follows:

Zt ={Z{,Z3,....Z;}y = {max Z;|j=1,2,...,m} (9)

Z-={Z7.Z5,...Z5} = {min Z;|j=1,2,...,m} (10)

Step 4 : Calculation of the distances to the positive and negative
ideal reference points

SE=y> 1, Zi-Z),  (i=12,..n) (11)
S;=/> 1 .Zi-Z).,  (i=12,..n) (12)
Step 5 : Calculation of the closeness coefficient
The closeness coefficient can be calculated as follows:
- s,fsjs,.+ (13)

Where C; is closeness coefficient.
A schematic view of the workflow is shown in Fig. 4. The
workflow contains the specific steps of evaluation suitability.
3. Application
3.1. Background

The proposed algorithm of suitability evaluation will be applied
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in Nantong, China. Nantong is located in the coastal regions of
China. The geographic location is shown in Fig. 5. The study area is
800 km?. The Quaternary deposit in coastal regions of China
composed of clay, silt, sand, and gravel can be characterised by an
alternating multi-aquifer-aquitard system (MAAS) [37]. The thick-
ness of Quaternary sediments is approximately 200—360 m in
Nantong [38]. Four aquifers are identified: phreatic aquifer,
confined aquifer I, confined aquifer II, and confined aquifer III
Aquitards that separate the aquifers are, with increasing depth,
referred to as aquitard I, aquitard I, and aquitard III [39]. The li-
thology of the phreatic aquifer is silt and sandy loam. The hydraulic
head of the phreatic aquifer is 1 ~3 m depth approximately. And the
thickness of is 20 ~30 m. The lithology of the confined aquifer I is
fine-medium-grained sand. The roof depth of the aquifer is 50
~60 m. The hydraulic head of confined aquifer I is 1 ~3 m depth
approximately. The lithology of the confined aquifer II is fine sand,
medium-coarse sand, and gravel. The roof depth of the aquifer is
130 ~140 m. The hydraulic head of the confined aquifer Il is 3 ~5 m
depth approximately. The lithology of the confined aquifer III is
medium-fine sand. The depth of the aquifer is 187 ~270 m. The
hydraulic head of the confined aquifer III is 30 ~40 m depth
approximately. The hydrogeology profile is shown in Fig. 6.

3.2. Discretize grids

The whole study area was subdivided into rectangular grids
with resolution 200 x 200 m? on the plane dimension. The size of
the grids was determined by considering the field-site is
200 x 200 m? approximately in reality. There are 20 089 nodes on
the plane dimension.

3.3. Collection of factors
The SGE within 100 m depths is planned to be exploited in

Nantong. Consequently, the investigation range is also within
100 m depths, which means the open loop system will make use of

Attributes Factors
Tt T - |
| ! |
| |
I [ . |
I Geothermal characteristic H P Temperature of groundwater :
|
| L] ,
: | —Ir Ability of producing groundwater |
| I | !
| |
| | . . I
Suitablity | : Bt Ability of recharge groundwater |
evaluation | |
. | |
of 1, Hydrogeology characteristic H L Thickness of aquifer |
open | I [ |
loop | |
| |
system : | —IL Total Dissolved Solids (TDS) |
| I | !
| |
[ | —L Groundwater hardness |
| B |
| |
L, Geology Environment } L Land subsidence susceptibility |

Fig. 2. Suitability evaluation system of the open loop system.
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Attributes
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Factors

Geothermal gradient

Geothermal characteristic

_¢_____

Ability of heat storage

Suitablity
evaluation

i

Ability of conducting heat

of

A4

close

4

loop
system

Thickness of aquifer

|
|
|
|
|
Geotechnical characteristic
|
|
|
|
|

Y
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Groundwater runoff condition

TDS

I
I
I
I
I
I
I
I
I
I
I
Drilling condition I
I
I
I
I
I
I
I
I
I
I
I

Fig. 3. Suitability evaluation system of the closed loop system.

the natural groundwater from confined aquifer I as heat carrier. A
series of quantitative factors are identified to present the degrees of
criteria. The factors are shown in Tables 1 and 2. The factors will be
collected by field tests in the process of investigation. In according
to the measured value and parameters from field tests, the decision
data of each node are interpolated by Kriging method.

As is shown in Tables 1 and 2, the hydrogeology characteristics
would affect the potential for SGE implementation, including
seepage capacity, recharge capacity, and groundwater quality. But
there are two aquifers within 100 m, i.e. phreatic aquifer and
confined aquifer I. The permeability and thickness of confined
aquifer I is better than that of the phreatic aquifer. So confined
aquifer I is selected to present the hydrogeology characteristics.
Fourteen wells are carried out for pumping and recharge field tests.
Screens of the wells locate at confined aquifer L. In the process of
pumping tests, groundwater samples are collected for hydro-
chemical analysis. The hydraulic conductivity which would present
the ability of producing groundwater is calculated by the graphical
method [40]. The unit discharge of recharge well would present the
ability of recharge groundwater. The seepage velocity which would
present the groundwater runoff condition could be calculated in
according with hydraulic head and hydraulic conductivity. The
factors of hydrogeology characteristics are shown in Fig. 7.

Geothermal characteristics would affect the potential for SGE
implementation. Twenty-one thermal response tests are carried
out to calculate specific heat capacity and thermal conductivity. The
temperature gradient and the average temperature of the aquifer
(mainly confined aquifer I) are measured by the borehole of the
thermal response tests. The factors of geothermal characteristics
are shown in Fig. 8.

The degree of land subsidence presents the sensitivity of
geological hazards, which indicates the impact of the open loop
system operation on the geological environment. The thickness of
sand and gravel strata represents the difficulty of drilling, which
indicates the impact of geotechnical conditions on the construction
of boreholes for the closed loop system. The thickness of sand and
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gravel is measured in the process of borehole of well and thermal
response tests. The thickness of aquifer and the accumulative land
subsidence (2016—2018) are collected by GIS-data. The factors of
geotechnical and geology environmental characteristics are shown
in Fig. 9.

Note that the soil within 100 m depths in Nantong is Quaternary.
The thickness of Quaternary is assigned 100 m to the entire study
area in the process of suitability evaluation. There are two aquifers
within 100 m, i.e. phreatic aquifer and confined aquifer 1. But the
permeability of confined aquifer I is quite better than that of the
phreatic aquifer. Consequently, the thickness of aquifer and the
seepage velocity are only considered those of the confined aquifer I.
The thickness of aquifer for evaluating potential of the closed sys-
tem is the thickness of confined aquifer [ within 100 m depths, and
the thickness of aquifer for evaluating potential of the open system
is the whole thickness of confined aquifer L

4. Results and discussion
4.1. Calculated weight

The factors described in the previous chapter were used to
evaluate the SGE potential in Nantong. The weight should be
determined at first. The calculated weight is shown in Table 3.

In the process of evaluating the open loop system potential, the
hydraulic conductivity and the unit discharge of recharge well have
a major impact on the heat transport. And In the process of eval-
uating the closed loop system potential, the seepage velocity has a
major impact on the heat transport. Generally, the greater the dif-
ference among attribute values, the greater the amount of infor-
mation it contains. So the smaller the entropy value, the greater the
weight is [41]. It could also be indicated that the difference in
hydrogeological characteristics is far greater than others, especially
in seepage velocity.
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Obtain and insert data onto the grid

| s |
: :
: Establishing the suitability evaluation system for SGE :
| |
i | ,
i . ' :
' Open loop system Closed loop system |
s s
Mesh the study area into grid
} _______________________ ===
I I
I I
: Hydrogeology investigate Geotechnical investigate i
L}
| |
1 I
: Geothermal investigate Geology Environment |
: :
I I
I I
I 1
| 1
I I
I 1
1

y

TOPSIS Method

|

Entropy Weight Method

v

Map of suitability

Fig. 4. Schematic view of the workflow.
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Fig. 5. The geographic location of Nantong.
4.2. Potential for SGE coefficient of the open loop system is mainly distributed in the

range of 0.2 ~ 0.7. And the closeness coefficient of the open loop

The weight was assigned to the TOPSIS model, and the closeness system conforms to the normal distribution. However, the close-

coefficient could be calculated. The frequency of closeness coeffi- ness coefficient of the closed loop system is mainly distributed in

cient is shown in Table 4. Histograms of relative frequency are the range of 0.0 ~ 0.1. The closeness coefficient of the closed loop
shown in Fig. 10. As is shown in Table 4 and Fig. 10, the closeness system conforms to skewed distribution.
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Fig. 6. Hydrogeology profile of Nantong (line I-I" in Fig. 5).

Table 1
Suitability evaluation system of the open loop system.

Attributes Criteria

Factors

Hydrogeology Characteristics

Ability of producing groundwater
Ability of recharge groundwater
Thickness of aquifer

Hydraulic Conductivity
Unit Discharge of Recharge Well
Thickness of aquifer

Total Dissolved Solids (TDS) TDS

Groundwater Hardness
Groundwater Temperature
Land subsidence susceptibility

Geothermal Characteristic
Geology Environment

Groundwater Hardness
Average temperature aquifer
Accumulative land subsidence

The evaluation potential could be obtained by comparing the
closeness coefficient of nodes. The suitability maps were shown in
Fig. 11. The SEG potential distribution characteristics of the open
loop system and the closed loop system in Nantong are different.
Generally, the potential of the open loop system in the south is
better than that in the north. But the distribution characteristic of
exploitation potential of the closed loop system is opposite to that
of the open loop system.

As is shown in Fig. 11(a), the best field-site for the open loop
system locates at the north of Zhangzhishan and the northeast of
Nantong. The worst field-site for the open loop system locates at
south of ETDZ and Pingchao. The relatively low potential in the
north Zhangzhishan is mainly caused by low ability of producing
groundwater and recharge.

As is shown in Fig. 11(b), the best field-site for the closed loop
system locates at Zhangzhishan. The worst field-site for the closed
loop system locates at north of Nantong. The relatively low po-
tential in the north is mainly caused by low ability of seepage
velocity.

4.3. Discussion

The suitability evaluation algorithm is based on the EW Method
and the TOPSIS Method. The algorithm is able to overcome the

Table 2
Suitability evaluation system of the closed loop system.

dimension and metric inconsistencies by normalization of factors.
The calculated data come from measured value and parameters of
field tests rather than experts' experience. Compared to studies in
the previous section, the presented algorithm overcomes the
subjectivity of experts.

As shown in Table 3, the ability of producing and recharging
groundwater plays an important role in suitability evaluation of
open looped system. It indicates a high variability of the aquifer in
the region. The weight of TDS and groundwater hardness is low.
Hydrochemical characteristics have a small impact on open looped
system. These features are consistent with experts' experience [42].

The potential of the closed loop system in Nantong is also
evaluated by AHP and 10 Method [43]. The comparison of the
weights calculated by AHP and EW Method is shown in Table 5. The
weight calculated by the EW Method shows that groundwater
runoff condition has the greatest impact on SGE implementation in
Nantong. The weight of groundwater runoff condition calculated by
EW is 3.67 times higher than that calculated by AHP. The main
reason for the large difference is the wide variation in seepage
velocity of confined aquifer I in Nantong. However, the weight of
TDS, temperature gradient, specific heat capacity, and thermal
conductivity calculated by the EW Method less than that by AHP.
The main reason for the difference is that the experts' experience
suggests that temperature gradient, specific heat capacity, and

Attributes Criteria

Factors

Hydrogeology Characteristics

TDS
Geothermal Characteristics

Geotechnical Characteristic

Thickness of Aquifer
Groundwater runoff condition

Geothermal gradient
Ability of heat storage
Ability of heat transfer
Drill Condition

Thickness of Aquifer

Seepage Velocity

TDS

Geothermal gradient

Specific Heat Capacity
Thermal Conductivity
Thickness of Sand and Gravel
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Fig. 8. The factors of geothermal characteristics are shown.

thermal conductivity have an impact on SGE implementation in
Nantong. But the difference of temperature gradient, specific heat
capacity, and thermal conductivity is small in Nantong. Fig. 7(e)
shows that the seepage velocity of confined aquifer I in the south of
Nantong is two orders of magnitude larger than that in the north.
And Fig. 8(b) ~ 8(d) show that the temperature gradient, specific
heat capacity, and thermal conductivity are of the same order of
magnitude in Nantong.

The potential of the closed loop system evaluated by AHP and 10
Method is shown in Fig. 12 [43]. The result of the potential evalu-
ation shows that almost the whole of Nantong is suitable for the
closed loop system based on the experts' experience. Previous
study also evaluated the suitability of SGE based on geological
conditions and expert’ experience subjectively, such as suitability
map for Iran [20] or Europe [19]. But it is difficult to compare the

potential differences of different places in Nantong.

Fig. 11(b) shows that the south of Nantong is more suitable for
the closed loop system implementation than the north. The algo-
rithm based on EW and TOPSIS Method tends to compare the
relative potential in region, rather than assess whether the site is
appropriate for SGE implementation. Consequently, it is more
suitable for selecting the best field-site. The main reason contains
two components. On one hand, the EW Method obtains the weight
by measuring value dispersion. It only considers the numerical
discrimination degree of the factors and ignores rank discrimina-
tion. Consequently, the immense dispersion of seepage velocity
leads to immense weight in the closed loop system. On the other
hand, the suitability map is drawn in accordance with closeness
coefficient of TOPSIS. The alternative will be ranked by comparing
the distance and closeness coefficient. The closeness coefficient

572



Z. Li, Z. Luo, Y. Wang et al.

Renewable Energy 184 (2022) 564—576

o o
3560000 3560000
'
.
3555000+ - 35550004
3550000 - 3550000
3545000 - 35450004
3540000 [~ 3540000
35350004 [ epend: [ 35350004 T epend:
- compaction - compaction

3530000+ + uplift F 35300004 + uplift
3525000+ - 3525000+

285000 290000 295000 300000 305000 310000 315000 320000 285000 290000 295000 300000 305000 310000 315000 320000

(a) thickness of confined aquifer I (m) (b) thickness of confined aquifer I within 100 m depth
O] a [’l,\d
3560000+ - 3560000+ ? l—\rL"
AN
% [
3555000 3555000+
3550000 3550000
3545000+ - 3545000
3540000 3540000
3535000 - 3535000 Legend:
- compaction
3530000 |- 3530000 + uplift
3525000 35250004
T T T T T T = T T T T T T T T T T
285000 290000 295000 300000 305000 310000 315000 320000 285000 290000 295000 300000 305000 310000 315000 320000

Table 3
Calculated weight of factors.
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Fig. 9. The factors of geotechnical and geology environmental characteristics.

Open loop system

Closed loop system

Factors Weight Factors Weight
Hydraulic Conductivity 0.2453 Thickness of Aquifer 0.0657
Unit Discharge of Recharge Well 0.2716 Seepage Velocity 0.5291
Thickness of Aquifer 0.1428 TDS 0.0385
TDS 0.0597 Geothermal Gradient 0.1312
Groundwater Hardness 0.0816 Specific Heat Capacity 0.0804
Average temperature aquifer 0.0866 Thermal Conductivity 0.1066
Accumulative land subsidence 0.1124 Thickness of Sand and Gravel 0.0484

Table 4

The frequency of closeness coefficient.
closeness coefficient range 0~0.1 0.1 ~0.2 0.2 -~03 03 ~04 04 ~0.5 0.5 ~0.6 0.6 ~0.7 0.7 ~0.8 0.8 ~0.9 09 ~1.0
open loop system 0 0 0.1439 0.1276 0.2757 0.2363 0.1789 0.0376 0 0
closed loop system 05126 0.1044 0.0770 0.1087 0.0926 0.0587 0.0187 0.0126 0.008 0.0067
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Fig. 11. Maps of the geothermal potential calculated with TOPSIS method.

Table 5
Comparison of the weight calculated by AHP and EW Method.
Method Thickness of Thickness of Groundwater TDS Temperature Specific heat Thermal Drill
Quaternary aquifer runoff condition gradient capacity conductivity condition
AHP [43] 0 0 0.1439 0.1276 02757 0.2363 0.1789 0.0376
EW 0 0.0657 05291 0.0385 0.1312 0.0804 0.106 6 0.0484

presents the relative distance to the ideal solution.

5. Conclusion

In this study, we present an algorithm to evaluate potential for
SGE implementation in the region. On the basis of EW Method and
TOPSIS Method, the presented algorithm overcomes the inconsis- (
tency of dimension and metric. Subsequently, the algorithm is
applied to Nantong, China. The main conclusions that can be drawn
from this study are as following:

(1) The suitability evaluation systems of the open loop system
and the closed loop system are established, respectively. (
Hydraulic conductivity, unit discharge of recharge well,
thickness of the aquifer, TDS, groundwater hardness, the
average temperature aquifer, and the accumulative land

574

subsidence are identified as factors in the suitability evalu-
ation systems of the open loop system. Thickness of aquifer,
seepage velocity, TDS, geothermal gradient, specific heat
capacity, thermal conductivity, thickness of sand and gravel
are identified as factors in the suitability evaluation systems
of the closed loop system.

2) The EW Method is able to calculate the weight quantitatively

by measuring value dispersion. The greater the degree of
dispersion, the higher weight should be given to the factors.
The advantage of the EW Method is that the numerical
discrimination degree of the index is considered without
experts' experience.

3) The TOPSIS Method is able to measure the relative perfor-

mance of each alternative quantitatively. The larger closeness
coefficient, the better performance of the potential is. The
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Fig. 12. The potential of the closed loop system evaluated by AHP and 10 Method
(modified from Ref. [43]).

advantage of the TOPSIS Method is simplicity, rationality,
comprehensibility, good computational efficiency.

(4) The algorithm overcomes the subjectivity of experts. How-
ever, the algorithm tends to compare the relative potential in
region, rather than assess whether the site is suitable for SGE
implementation. Consequently, it is more suitable for
selecting the best field-site.
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