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Abstract: Shallow geothermal energy (SGE) is a promising green and sustainable energy source,
gaining prominence in light of the dual-carbon target. This study investigated the SGE resources
in the Yinchuan area. Suitability zones and the potential of SGE resources were determined based
on the comprehensive analysis about thermophysical parameters, hydrogeological conditions, and
geological environment. Our findings revealed that the effective thermal conductivity in the Yinchuan
area surpasses those of other cities, indicating significant potential for SGE. The thermostat layer
depth ranges from 40 to 60 m, with a geothermal gradient between 0.81 and 6.19 ◦C/100 m. Regions
with poor adaptability for a borehole heat exchanger (BHE) are mainly distributed in the western
and southern parts of the Yinchuan area, whereas moderately and highly adaptable areas are pri-
marily located in the central and eastern areas, respectively. The total geothermal resource of the
BHE in the Yinchuan area amounts to 1.07 × 108 GJ/a, generating significant economic benefits of
1.07 × 109 CNY/a and saving 1.09 × 106 t/a of standard coal annually. This initiative leads to signifi-
cant reductions in CO2, SO2, and NOx emissions by 2.61 × 106 t/a, 1.86 × 104 t/a, and 6.57 × 103 t/a,
respectively. Additionally, it results in potential savings of 0.309 × 109 CNY/a in environmental
treatment costs. The methods and models used in this study have potential for similar geothermal
surveys in arid and cold regions. The results also contribute essential insights for policy formulation
and sustainable development strategies related to shallow geothermal resources in the Yinchuan area.

Keywords: thermophysical parameters; resource potential; suitability zoning; borehole heat exchanger;
shallow geothermal energy

1. Introduction

In recent decades, the rapid expansion of global industry has led to a surge in envi-
ronmental problems, primarily the emission of greenhouse gases, which has caused an
increase in the earth’s temperature and exacerbated extreme weather conditions [1–4]. To
mitigate greenhouse gas emissions, countries worldwide, including China, have committed
to “The Paris Agreement” and devised their emission reduction strategies [5–7]. China, as
the most populous developing country, has established ambitious goals, aiming to reach
the peak of carbon dioxide emissions by 2030 and achieve carbon neutrality by 2060 [8].
To achieve this objective, a swift transition to renewable energy sources is imperative,
replacing fossil fuels.
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Geothermal energy, recognized for its rapid regeneration, cleanliness, and environ-
mental preservation qualities, stands out as a viable alternative to conventional fuels [9–12].
Geothermal energy can be classified into shallow (0–200 m), moderate (200–3000 m), and
deep (3–10 km) categories based on its development depth [13]. Shallow geothermal energy
(SGE) offers the advantages of cost-effectiveness, high efficiency, versatility, and durability
compared to moderate and deep geothermal energy [14,15]. Consequently, SGE exhibits sig-
nificant potential for widespread development and utilization [16–19]. The earliest record
of the use of SGE traces back to the 1920s in the United States, gaining substantial traction
in the 1980s with the advent of ground-source heat pumps, ushering in a huge market for
SGE [20]. SGE has seen global application, spanning regions such as China [21–24], North
America [25,26], and Europe [27–30]. Despite its evident advantages and global adoption,
the suitability for SGE utilization varies due to geological, hydrogeological, geomorpho-
logical, and thermophysical parameter disparities, hence not all places are suitable for
the development and use of SGE [31]. Consequently, detailed hydrogeological surveys,
ground temperature investigations, thermophysical parameter tests, and resource potential
evaluations are essential prerequisites for the effective development and utilization of SGE.

The application of SGE predominantly relies on ground source heat pump technol-
ogy, extensively used for heating and cooling applications in industrial, commercial, and
residential structures [32–35]. Ground source heat pumps are broadly categorized into
two types: open-loop systems and closed-loop systems (also known as borehole heat ex-
changer) [36]. Open-loop systems use groundwater as a heat transfer medium, extracted
from the ground and conveyed directly to a nearby heat pump and subsequently reintro-
duced into the aquifer or in surface waters, or in sewer network [37,38]. However, due
to limited recharge efficiency, the pumped groundwater cannot be completely recharged
back to the aquifer. Consequently, Open-loop systems would lead to groundwater wastage,
making them unsuitable for the areas with scarce groundwater resources and low recharge.
In contrast, closed-loop systems use pure water or a water-antifreeze mixture circulating
through buried pipes, physically isolated from the rock and groundwater [39,40]. With
no direct use of groundwater, closed-loop systems have minimal impact on groundwater
and aquifers. Therefore, this study concentrates on suitability zoning and energy potential
evaluating specific to the borehole heat exchanger (BHE).

Various methods exist for suitability evaluation, including the analytic hierarchy
process (AHP) [41], the G.POT model [42,43], and the TOPSIS model [23,44]. Owing to
its comprehensive, simple, and practical nature, and its ability to function with limited
quantitative data, the AHP finds widespread application in hydrology [45], ecology [46], en-
vironment [47], and energy sectors [48,49], particularly in studies related to SGE [24,50–53].
Consequently, in this study, the AHP is employed for suitability zoning in SGE utilization.

Yinchuan, the capital of Ningxia, is a strategic node city in “The Belt and Road” [54],
and an important city in “The Yellow River Basin’s Ecological Protection and High-quality
Development Plan”. Its long and cold winters [55] necessitate significant consumption of
urban heating, leading to the emission of greenhouse gas. To mitigate this environmental
impact, the shift to renewable energy, specifically SGE, presents a viable solution. However,
despite its potential, the high costs associated with preliminary surveys have hindered
extensive SGE use in the Yinchuan area. Previous studies have been limited to the main
urban areas, neglecting the surrounding districts and counties [56]. A comprehensive
survey and research SGE resources in the Yinchuan area are necessary.

This study delves into the hydrogeological conditions and geothermal distribution
characteristics of the Yinchuan area, while also conducting thermophysical parameters tests.
On this basis, the suitability zoning and SGE resources evaluation are carried out. This
study aims to: (1) identify the geothermal, hydrogeological and geological environment in
the Yinchuan area; (2) assess the suitability of the BHE in the Yinchuan area; (3) evaluate
SGE potential through the heat capacity and heat exchange power (HEP); (4) evaluate
the economic and environmental benefits by the development and utilization of the BHE.
The research findings can assist decision-makers in formulating scientific policies for the
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sustainable utilization of SGE in the Yinchuan area. It also provides references for the
investigation and evaluation of SGE in arid and cold regions.

2. Study Area

The Yinchuan area is located in the northern part of the Ningxia Hui Autonomous
Region, in the middle of Yinchuan Plain, bordered by the Yellow River to the east and the
Helan Mountains to the west. It comprises three districts (Xixia, Jinfeng, and Xingqing) and
two counties (Helan and Yongning), covering an area of approximately 2856.19 km2 and a
population of about 2.5 million (Figure 1a) [57].
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Figure 1. Maps showing the location (a), geomorphology (b), hydrogeology (c), and DEM (d) of the
study area.

The landforms in the study area pass from inclined pluvial plain in the west to pluvial–
alluvial plain in the central region and finally to alluvial–lacustrine plain in the east, with
some aeolian sand dunes in the northern part (Figure 1b). The study area exhibits distinct
geological features: the western part is characterized by a single lithology composition
and is referred to a single phreatic zone. In contrast, the central and eastern areas exhibit
complex lithology, forming multi-layered structural zones [58] (Figure 1c). The multi-
layered structural zones can further be divided into the phreatic aquifer, the first confined
aquifer, the second confined aquifer, and two aquitards [59]. The groundwater hydraulic
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gradient gradually decreases from west to east, the groundwater table usually buried
beyond 10 m in the inclined alluvial plain and less than 4.6 m in the alluvial lacustrine
plain [60]. The DEM of the study area ranged from 957 to 1687 m, as shown in the Figure 1d.

The study area experiences a temperate continental climate characterized by long win-
ters, short summers, low precipitation, and high evaporation rates [61,62]. The annual aver-
age temperature, precipitation, and evaporation are 10.36 ◦C, 183.59 mm, and 1662.33 mm,
respectively [63]. The maximum monthly average temperature reaches 29.9 ◦C, while the
minimum drops to −12.8 ◦C. Precipitation mainly occurs between July and September [64]
(shown in Supplemental Materials Figure S1). According to the China Meteorological News
report, the average days of winter in Yinchuan city are 171 days from 1988–2010 [65]. The
prolonged winter significantly augment the heating requirements in the Yinchuan area.

The Quaternary deposits are widely distributed in the study area. The inclined
pluvial plain predominantly consists of gravel and sand. The pluvial–alluvial and alluvial–
lacustrine plains predominantly consist of fine sand, sandy clay, and clayey sand interlayers
(Figure 2) [66]. Notably, the sand layer in the alluvial–lacustrine plain is relatively thicker
than that in the pluvial–alluvial plain [67].
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3. Data and Methods
3.1. Data Acquisition

In this study, nine thermal response test holes were drilled to determine the effective
thermal conductivity of rocks and soils, with the drilling locations shown in Figure 3a.
The heat exchanger used in this study both are double U-pipes. The effective thermal
conductivity and heat transfer rate were determined by using the SGE thermal response
tester developed by Beijing Huaqing Ronghao New Energy Development Co., Ltd. (Beijing,
China). This involved applying constant heating power to the circulating fluid [68], record-
ing inlet and outlet temperatures of the circulated fluid at specified intervals, and calculating
the average temperature. The effective thermal conductivity of rock and soil was then
determined using the infinite line source theory [69,70] and the curve fitting method.

During this investigation, 19 temperature monitoring wells were set up in the study
area, measuring ground temperatures every 10 m within a depth of 200 m, and subsequently
calculating the average ground temperature, as shown in Figure 3a.
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Additionally, 13 thermophysical boreholes were drilled for sample collection and
thermophysical property testing in laboratory. A total of 21 geological borehole data were
collected to determine the lithological structure of the study area, as shown in Figure 3b.
A total of 228 undisturbed samples were collected from the thermophysical boreholes for
testing thermophysical parameters such as thermal conductivity and SHC. These samples
all were the Quaternary sediments, including 62 silt sand samples, 113 fine sand samples,
44 sandy clay samples, and 9 clay samples.

The plane–source method was used to measure rock and soil thermophysical parame-
ters in the laboratory [71,72]. The primary procedure is outlined as follows: placing the
probe between two samples and applying a constant DC. After the probe releases heat, a
dynamic temperature field is generated inside the sample, causing a rise in temperature on
the probe surface. As a result, the resistance of the probe increases, disturbing the original
balanced bridge in the bridge test system. By recording changes in electrical parameters at
various intervals during the test, the function representing temperature increase over time
was calculated. Fitting this calculated function curve allowed the determination of thermal
conductivity and thermal diffusivity for each sample [73].

Geological profile information, including lithology, deposits type, and geological strata,
was collected from the geological boreholes. These data served as the basis for analyzing the
hydraulic and thermophysical properties of the study area. The thermophysical parameters
test data were then assigned to the geological profile boreholes, considering factors such as
formation properties and buried depth. The thermophysical parameters were computed as
average value weighted by thickness of each rock layer. The distribution of thermophysical
parameters across the study area was determined using the Kriging interpolation method.

The hydraulic conductivity of the phreatic aquifer and confined aquifer were collected
from the study [74], buried depth of the water table was collected from the 19 temperature
monitoring wells, thickness of the aquifer was collected and geomorphology were obtained
from the study [75]. The thickness ratio of sand/clay was calculated using geological profile
information of boreholes.
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3.2. Method
3.2.1. Thermal Response Test Results Calculating Method

According to the line source theory [69,70], the average fluid temperature in the U-tube
can be formulated using Equation (1), when the αst/r2

b ≥ 5:

Tf =
ql

4πks

[
ln

(
4αst
r2

b

)
− γ

]
+ ql · Rb + T0 (1)

where t is the thermal response test time (s), γ is Euler’s constant (0.577216), ql is the heat
transfer rate (W/m), rb is the radius distance (m), ks is the effective thermal conductivity
[W/(m·◦C)], αs is thermal diffusivity (m2/s), Rb is borehole thermal resistance [(m·K)/W],
and T0 is the initial soil temperature (◦C).

Simplifying Equation (1) through linear regression of temperature and logarithmic
time yields Equation (2):

Tf = m · ln(t) + b (2)

where m is the slope of the regression line, b is the intercept of the regression line on the
Y-axis.

The slope of the average temperature change, calculated by curve fitting, provides the
effective thermal conductivity ks as shown in Equation (3):

ks =
ql

4πm
(3)

The heat transfer rate ql was calculated as follows:

q =
ρf · V · cf (Tf,out − Tf,in)

H
(4)

where V is fluid flow (m3/s), Tf,out is the outlet fluid temperature (◦C), Tf,in is the inlet fluid
temperature (◦C), ρf is the fluid density (kg/m3), cf is fluid specific heat capacity (SHC)
[J/(kg·◦C)], q is the heat transfer rate (W/m), and H is the buried depth of the U-pipe (m).

The evaluation framework of this study involved three main tasks: zoning the study
area, evaluating resource potential, and assessing economic and environmental benefits as
shown in Figure 4. The suitability zoning process comprised three key stages: (1) determin-
ing evaluation indicator weights using the analytic hierarchy process (AHP), (2) establish-
ing a scoring system through expert evaluation, and (3) summing the weighted values of
each evaluation indicator. The evaluation of resource potential involved computing three
primary components, namely, heat capacity, heat exchange power (HEP), and resource
potential. Heat capacity calculations were performed for the aeration zone and saturated
zones within a depth of 100 m and 200 m using the volume method. Total HEP and resource
potential were based on single hole heat exchange power (SHHEP) calculations. Economic
benefit evaluation considered available geothermal resources in both summer and winter,
while environmental benefit assessment factored in reductions in gas and solid emissions,
as well as savings in transportation charges.

3.2.2. Suitability Zoning Method

(1) Determining the weight of evaluation indicators in the zoning system

The AHP model was divided into target layer (A), object layer (B), and indicator layer
(C). The target of the AHP model was the suitability zoning of the BHE. The object layer
consisted of thermophysical parameters (B1), hydrogeological conditions (B2), geological
environmental conditions (B3). Within the AHP, nine evaluation indicators were consid-
ered, including thermal conductivity (C1), specific heat capacity (C2), average ground
temperature (C3), hydraulic conductivity of phreatic aquifer (C4), hydraulic conductivity
of confined aquifer (C5), buried depth of the water table (C6), thickness of the aquifer (C7),
geomorphology (C8), thickness ratio of sand/clay (C9).
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Judgment matrices were constructed using the 1–9 scale method [76] as shown in
Appendix A Tables A1–A4. Subsequently, the maximum eigen value λmax and corre-
sponding eigenvector ωi of each matrix were calculated. A ranking consistency test was
performed, with, CR < 0.10, indicating that the consistency of the judgment matrix was
acceptable, otherwise, the judgment matrix should be modified appropriately. The weights
of the evaluation system are shown in Appendix A Tables A2–A5.

(2) Establishing the scoring system

Dividing each the BHE evaluation indicators into different sub-areas according to
different scores. Scores ranged from 0 to 9, with higher scores indicating greater suitability
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for the BHE construction in the sub-area. The lower the score, the less favorable it is
for the construction of the BHE in the sub-area. Sub-areas with scores between 0 and
5 were categorized as having poor adaptability, scores between 5 and 7 indicated moderate
adaptability, and scores > 7 were the adaptability area [24]. Sub-area scores for the BHE
evaluation indicators are shown in Table 1.

Table 1. Evaluation indicators score of the BHE for suitability zoning.

Item Classification Score Item Classification Score

Thermal
conductivity
[w/(m·◦C)]

>1.75 9

Thickness of aquifer (m)

>172 9

1.5–1.75 5 152–172 7

1.25–1.5 3 132–152 5

<1.25 1 <132 3

Specific heat
capacity

[kJ/(kg·◦C)]

>1.15 9

Geomorphology

Pluvial–alluvial plain 7

1.10–1.15 7 Alluvial–lacustrinel
plain 9

1.05–1.10 5 Inclined pluvial plain 3

1.00–1.05 3 Aeolian dunes 1

<1 1 Lake 0

Buried depth of
water table (m)

<2 5

Thickness ratio of
sand/clay

30–100 3

2–10 9 10–30 9

10–50 7 5–10 7

50–100 3 3–5 5

>100 1 <3 3

Average ground
temperature (◦C)

>17 9
Hydrulic conductivity of

phreatic aquifer (m/d)

5–10 5

15–17 7 10–20 7

13–15 5 20–30 9

<13 3
Hydrulic conductivity of
confined aquifer (m/d)

5–10 5

10–20 7

single phreatic zone 0

(3) Summing the weights

The study area was divided into a grid of 250 m × 250 m squares, totaling 305 rows,
245 columns, and 74,725 cells. Each evaluation indicator score was assigned to the raster
layer using ArcGIS 10.2 software. These scores, combined with indicator weights, were
summed to calculate the final suitability zoning score for each cell.

3.2.3. Resource Potential Evaluation Method

In this study, the evaluation standard for SGE resources is based on the “Specification
for shallow geothermal energy investigation and evaluation” [77]. The equations used for
calculating heat capacity are as follows [24]:

(1) Calculation of heat capacity

In the aeration zone:
QRa = QSa + QWa + QAa (5)

QSa = ρSCS(1 − ϕ)Md1 (6)

QWa = ρWCWω Md1 (7)

QAa = ρACA(ϕ − ω)Md1 (8)
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where QRa is the heat capacity (HC) in the aeration zone (kJ/◦C), QSa is the HC of rock
or soil in the aeration zone (kJ/◦C), QWa is the HC of water in rock or soil (kJ/◦C), QAa
is the HC of the air contained in rock or soil (kJ/◦C), ρS is the density of rock or soil
(kg/m3), CS is the SHC of rock or soil [kJ/(kg·◦C)], φ is the porosity (or fissure) of soil or
rock, M is the calculated area, the value is 2.86 × 106 m2, d1 is the thickness of aeration
zone (m), ρw is the density of water, the value is 1000 kg/m3, Cw is the SHC of water, the
value is 4.18 kJ/(kg·◦C), ω is the moisture content of rock or soil, ρA is the density of air
(1.29 kg/m3), CA is the SHC of air [1.003 kJ/(kg·◦C)].

In the saturated zone:
QRs = QSs + QWs (9)

QWs = ρwCwω Md2 (10)

QSs = ρSCS(1 − ϕ)Md2 (11)

where QRs is the HC in the saturated zone (kJ/◦C), QSs is the HC of rock or soil in the
saturated zone (kJ/◦C), QWs is the HC of water in rock or soil (kJ/◦C), d2 is the thickness of
rock or soil from the water table to the calculation lower limit (m).

In this study, d1 and d2 were determined based on borehole profile data. Parameters
such as density, SHC, porosity, and moisture content were averaged vertically. Kriging
interpolation was used to obtain the horizontal distribution grid using ArcGIS 10.2 software.
Finally, the HC of the study area was calculated using Equations (5)–(11).

(2) Heat exchange power (HEP)

Based on thermal conductivity, the SHHEP of the 100-m shallow system was calculated
using Equation (12) [24]:

D =
2πL|t1 − t4|

1
λ1

ln r2
r1
+ 1

λ2
ln r3

r2
+ 1

λ3
ln r4

r3

(12)

where D is the SHHEP (w), λ1 is the thermal conductivity of heat exchanger (0.44 W/(m·◦C)),
λ2 is the thermal conductivity of backfill materials [W/(m·◦C)], λ3 is the thermal conductiv-
ity of the rock or soil around the heat exchange hole [W/(m·◦C)], L is the length of borehole
heat exchanger (100 m), r1 is the equivalent inner radius of borehole heat exchanger bundle
(0.037 m), r2 is the equivalent outer radius of borehole heat exchanger bundle (0.04 m),
r3 is the average radius of heat exchange hole (0.1 m), r4 is the influence radius of heat
transfer temperature (5 m), t1 is the average temperature of circulating fluid in the borehole
heat exchanger, according to the technical requirements of the BHE and the results of the
thermal response test the value in summer is 31.5 ◦C and 6.4 ◦C in winter, and t4 is the
temperature of rock or soil beyond the influence radius (◦C). The values of λ3 and t4 were
obtained from laboratory and field investigations.

The total HEP of the BHE in the moderately adaptable area and the adaptable area
was calculated using Equation (13) [24]:

Qh = D × τ × n × 10−3 (13)

where Qh is the total HEP (kW), D is the SHHEP of single hole (W), τ is the land use
coefficient of the study area (3.314%), and n is the number of heat transfer holes in the
calculated area (the distance between heat exchange holes is 5 m). The total HEP was
calculated considering the land use coefficient and without it.

(3) Resource potential of the BHE

The resource potential of the BHE was calculated as follows [77]:

Dzq = S/M = Qh/q/M (14)
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where Dzq is the resource potential of the BHE (m2/km2), Qh is the HEP (kW), M is the
total area of moderately adaptable and adaptable areas (km2), q is heating load in winter or
cooling load in summer (W/m2), 47 W/m2 for heating load in winter and 69 W/m2 for
cooling load in summer, S is the heating area or cooling area (m2).

3.2.4. Economic and Environmental Benefits Evaluation

The SGE typically evaluated by drawing analogies with conventional energy (coal
burning) to determine the economic benefits. The economic benefits were calculated using
Equations (15)–(18) [77]:

Q = g + h (15)

g = 0.0036 · a · c · d · (1 + 1/COPX) (16)

h = 0.0036 · b · e · f · (1 − 1/COPD) (17)

V = N · p =
Q · δ · m

q · h
· p (18)

where Q is the total available geothermal resources (GJ), g is the available geothermal
resources in summer (GJ), h is the available geothermal resources in winter (GJ), a is the
HEP in summer (kW), b is the HEP in winter (kW), c is heat pump cooling days in summer
(90 d), e is heat pump heating days in winter (150 d), d are hours of heat pump operation
a day in summer (15 h/d), f are hours of heat pump operation a day in winter (15 h/d),
COPX is the heat pump coefficient of performance in summer, the value is 5, COPD is
the heat pump coefficient of performance in winter the value is 4, V is the value of heat
resources (CNY), N is the quantity of raw coal, t, m is efficient utilization of heat energy
(80%), q is the heat produced by burning a kilogram of raw coal (2.09 × 104 kJ), h is boiler
thermal efficiency (80%), p is coal price (700 CNY/t), δ is utilization coefficient of SGE (30%).

4. Results and Discussion
4.1. Evaluating Indicators
4.1.1. Geothermal Conditions

The results of the thermal response test are presented in Table 2. The effective thermal
conductivity ranges from 1.94 to 2.83 W/(m·◦C), and the heat transfer rate ranges from
53.33 to 76.95 W/m. Notably, TR07, located in the southeast of the Yinchuan area, exhibits
the highest effective thermal conductivity among the tested sites.

Table 2. Thermal response test results of the Yinchuan area.

Number U-Type Depth (m)
Effective Thermal

Conductivity
[W/(m·◦C)]

Heat Transfer
Rate (W/m)

TR01 Double 90 2.30 53.33
TR02 Double 125 2.10 56.01
TR03 Double 90 2.32 76.95
TR04 Double 90 2.00 65.11
TR05 Double 90 1.94 74.84
TR06 Double 100 2.27 62.40
TR07 Double 100 2.83 64.80
TR08 Double 100 2.58 64.80
TR09 Double 70 2.05 57.10

To gain a comprehensive perspective on effective thermal conductivity in the Yinchuan
area relative to other cities, data were gathered from various regions including the Yangtze
River Basin [78], the North China Plain [24,79,80], and Northwest China [81,82], as shown
in Table 3. Cities such as Shanghai, Hangzhou, and Nanchang situated in the southern
part of China, exhibit effective thermal conductivity ranging from 1.14 to 3.7 W/(m·◦C).
In contrast, cities in the northern regions, like those in the North China Plain, display
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lower values, ranging from 1.32 to 2.71 W/(m·◦C). Similarly, cities in northwest China
show effective thermal conductivity ranging from 1.09 to 2.32 W/(m·◦C). The lithology
of the collected cities primarily consists of quaternary deposits. Despite this common
geological characteristic, the effective thermal conductivity of cities in northern regions is
smaller than that of southern cities due to the higher clay content in the northern areas.
This trend is also observed in northwest China. Specifically, when comparing cities like
Xi’an, Xianyang, and others with Yan’an and Tongchuan, the latter cities exhibit smaller
effective thermal conductivity owing to their elevated clay content. Although the effective
thermal conductivity of the Yinchuan area does not match that of southern cities in China,
it is relatively larger than that of cities in northern China. The significant difference in
effective thermal conductivity indicates that the Yinchuan area possesses the high potential
for shallow geothermal energy.

The laboratory measurement results of the different material thermophysical indi-
cators are shown in Table 4. Notably, fine sand displays the highest thermal diffusivity
and thermal conductivity, while clay exhibits the lowest values, consistent with previous
studies [83]. Two key factors influence these thermophysical parameters: texture and
mineral content [84], and grain size of the soil [85]. Fine sand, with its larger grain size and
higher quartz mineral content compared to clay, demonstrates significantly higher thermal
diffusivity and thermal conductivity.

Table 3. Effective thermal conductivity of main cities in China.

Area City Deposits
Effective Thermal

Conductivity
[W/(m ◦C)]

Source

Yangtze River
Basin

Shanghai Quaternary deposits, material types consist
of clay, silt, find sand and sand. 1.51–2.44

[78]Hangzhou Quaternary deposits, material types consist
majorly of clay, silt, find sand and gravel. 1.65–2.66

Nanchang Quaternary deposits, material types consist
of clay, silt, fine sand and gravel. 1.14–3.70

North China Plain

Beijing Quaternary deposits, material types consist
of sand, gravel and clay. 1.97–2.71

[79]
Tianjin Quaternary deposits, sand, sandy soil and

clay interbed irregularly. 1.55–1.89

Zhengzhou
Quaternary deposits, material types consist
of clay, silty clay, silt, coarse, medium and

fine sand.
1.68–2.07

Dezhou
Quaternary deposits, material types consist
of silt soil, silty clay, clay, silty sand and fine

sand.

1.54–1.89
[80,86]Liaocheng 1.32–2.07

Linqing 1.74–1.94
Linqu 1.53–2.34 [24]

Northwest China

Yan’an, Tongchuan Quaternary deposits, material types consist
of majorly silty clay, silty sand. 0.81–1.34 [81]

Xi’an, Baoji, Xianyang,
Weinan

Quaternary deposits, material types consist
of different grain size sand, soil. 1.09–1.83 [82]

Yinchuan area Quaternary deposits, material types consist
of silty sand, fine sand, sandy clay and clay. 1.94–2.83 this

study

A comparison of borehole thermal parameters between this study and other cities is
provided in Table 5. Cities in southern China, such as Shanghai, Hangzhou, and Nanchang,
exhibit thermal conductivity ranging from 1.03 to 2.77 W/(m·◦C), 1.22 to 2.72 W/(m·◦C),
and 1.44 to 3.63 W/(m·◦C), respectively. In contrast, cities in Northern China, including
Beijing, Tianjin, and Linqu demonstrate lower thermal conductivity, ranging from 1.47 to
2.02 W/(m·◦C), 1.26 to 1.62 W/(m·◦C) and 1.25 to 1.9 W/(m·◦C), respectively. The findings
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emphasize that cities in Southern China generally exhibit higher thermal conductivity
compared to those in Northern China.

Table 4. Laboratory test results of thermophysical parameters in the Yinchuan area.

Deposit Silty Sand Fine Sand Sandy Clay Clay

Num. 62 113 44 9
Moisture content

ω (%) 19.492 ± 3.779 * 19.850 ± 3.607 23.323 ± 3.570 23.211 ± 4.738

Porosity
n (%) 36.274 ± 3.577 35.740 ± 4.180 39.973 ± 3.874 38.911 ± 4.038

Thermal diffusivity
α (mm2/s) 0.0032 ± 0.0007 0.0034 ± 0.0007 0.0023 ± 0.0006 0.0020 ± 0.0003

Thermal conductivity
λ [W/(m·◦C)] 1.931 ± 0.276 2.032 ± 0.308 1.452 ± 0.263 1.399 ± 0.206

Specific heat capacity
C [kJ/(kg·◦C)] 1.084 ± 0.118 1.074 ± 0.119 1.155 ± 0.127 1.234 ± 0.131

*, Mean value ± SD.

Table 5. Thermal parameters collected from other studies.

City Source

Thermal Conductivity
λ [W/(m·◦C)]

Specific Heat
C [kJ/(kg·◦C)]

Thermal Diffusivity
α (mm2/s)

Min Max Mean Min Max Mean Min Max Mean

Shanghai [78] 1.03 2.77 1.75 0.6 1.99 1.31 0.33 1.79 0.72
Hangzhou same as above 1.22 2.72 1.87 0.51 2.33 1.3 0.38 1.33 0.78
Nanchang same as above 1.44 3.63 1.94 0.59 1.45 0.96 0.5 1.88 0.95

Beijing [87] 1.47 2.02 - 2.32 3.08 - 0.45 0.84 -
Tianjin [88] 1.26 1.62 - 1.90 2.20 - 0.44 0.74 -
Linqu [24] 1.25 1.9 - 0.85 1.24 - 0.42 1.02 -

Yinchuan this study 1.45 2.17 1.95 0.97 1.20 1.08 0.59 1.09 0.91

In the Yinchuan area, the thermal conductivity ranges from 1.45–2.17 W/(m·◦C), with
a mean value of 1.95 W/(m·◦C). Notably, this value is smaller than the thermal conductivity
of the southern China city of Nanchang, as shown in Table 5. This finding aligns with the
effective thermal conductivity results, highlighting the high potential of the Yinchuan area
for shallow geothermal energy.

The TRT can give the useful information of thermal conductivity about the field
location, but the limited time and funds can’t conduct intensive thermal response tests
in the preliminary shallow geothermal investigation. Laboratory measurements of ther-
mophysical parameters offer a convenient alternative. Moreover, leveraging abundant
geological borehole data in the study area allows for a comprehensive characterization of
thermophysical parameter distribution across different strata. Consequently, TRT results
combined with laboratory-measured thermophysical parameters are employed as key indi-
cators to evaluate the suitability zone of SGE in this study. It is worth noting that thermal
response testing is necessary before applying the BHE in the suitable zone, because accurate
thermophysical parameters will provide important information for the BHE load design.

As shown in Figure 5a, the average ground temperature in the Yinchuan area ranges
from 11.48 ◦C to 17.18 ◦C. Higher average ground temperatures are observed in the north-
central and southwest regions, reaching a peak of 17.18 ◦C at T01. T01 is located near a
significant concealed fault in Yinchuan [89], suggesting that the high ground temperature
might be related to geothermal anomalies caused by the fault. Conversely, lower aver-
age ground temperatures characterize the central and southeast regions, with the lowest
temperature recorded at 11.48 ◦C at T12.

Figure 5b illustrates that the depth of the thermostat layer ranges from approximately
40–60 m. Below 60 m, the ground temperature gradually increases. The geothermal



Sustainability 2024, 16, 10962 13 of 28

gradient in the study area ranges from 0.81 to 6.19 ◦C/100 m. T01 displays the highest
geothermal gradient, while T12 exhibits the lowest, consistent with the distribution patterns
of average ground temperatures. Geothermal gradient anomalies are also related to hidden
faults in Yinchuan. Higher formation temperature and larger temperature gradient are
advantageous for the heat exchange of the BHE in the winter.

Sustainability 2024, 16, 10962 14 of 29 
 

 
Figure 5. Geothermal geological conditions in the Yinchuan area. 

4.1.2. Hydrogeological Conditions 
The hydraulic conductivity of phreatic aquifer ranges from 5 to 30 m/d, as shown in 

Figure 6a. The hydraulic conductivity of confined aquifer ranges from 5 to 20 m/d, grad-
ually decreases from the center to both sides, as shown in Figure 6b. In Figure 6c, a dis-
cernible trend can be observed in the buried depth of the water table, with the western 
part exhibiting the greatest depth, surpassing 20 m, but the central and eastern parts 

Figure 5. Geothermal geological conditions in the Yinchuan area.



Sustainability 2024, 16, 10962 14 of 28

Upon matching laboratory thermophysical parameters data with borehole profile
information, Figure 5c,d illustrate the spatial distribution characteristics of thermophysical
parameters of each borehole on the plane. SHC in the Yinchuan area ranges from 0.90 to
1.39 kJ/(kg·◦C). Most areas exhibit values below 1.2 kJ/(kg·◦C), with only small regions in
the west and east exceeding 1.2 kJ/(kg·◦C). Thermal conductivity varies between 1.14 and
2.16 kJ/(kg·◦C), with the majority of the Yinchuan area exceeding 1.6 kJ/(kg·◦C), except for
limited areas in the western and southeastern regions, where it falls below 1.6 kJ/(kg·◦C).

4.1.2. Hydrogeological Conditions

The hydraulic conductivity of phreatic aquifer ranges from 5 to 30 m/d, as shown
in Figure 6a. The hydraulic conductivity of confined aquifer ranges from 5 to 20 m/d,
gradually decreases from the center to both sides, as shown in Figure 6b. In Figure 6c, a
discernible trend can be observed in the buried depth of the water table, with the western
part exhibiting the greatest depth, surpassing 20 m, but the central and eastern parts display
comparatively shallower depths, measuring less than 5 m. The distribution characteristic
of the aquifer thickness is shown in Figure 6d, the aquifer thickness of most area exceeds
130 m, except the southeast part.

4.1.3. Geological Environment Conditions

The geological environment is characterized by two key indicators: geomorphology
and the ratio of sand thickness to clay thickness. The details of geomorphology have been
discussed in Section 2 and will not be repeated here. The thickness ratio of sand/clay in
the Yinchuan area is shown in Figure 7. Notably, it ranges from 15 to 180. The western
part of the study area has the highest value, which gradually decreases from west to east.
This variation may be primarily attributed to differences in lithology differences across
the study area. Specifically, the western area is characterized by an inclined pluvial plain,
predominantly composed of sand and gravel with minimal clay content. In contrast, the
central part is a pluvial–alluvial plain consisting of gravel, sand, and clay, with a clay
layer that progressively increases. Finally, the eastern part is the alluvial–lacustrine plain,
where the lithology is primarily composed of interbedded sand and clay, and the clay layer
thickness further increases.

4.2. Suitability Zoning of the BHE

The suitability zoning serve provide a basis for further evaluation and exploitation of
SGE resources in the study area. Once the weight matrix, the score system, and weighted
summing are constructed, the suitability zoning map of the 200-m BHE in the Yinchuan
area is obtained as shown in Figure 8.

This study demonstrates that the Yinchuan area is partitioned into three distinct zones
based on the BHE adaptability, namely the adaptability area, moderate adaptability area,
and poor adaptability area. The poor adaptability area covers about 499.11 km2, accounting
for 17.47% of the study area, and it is mainly distributed in the western and southern
parts of the study area. The features of evaluation indicators related to the low suitability
zone in the western study area are outlined as follows: the hydraulic conductivity of
phreatic aquifer predominantly 20–30 m/d, while the lithology of the formation primarily
consists of sand gravel. Moreover, the thermal conductivity is below 1.5 W/(m ◦C), and
the burial depth of the phreatic water exceeds 50 m. Although the hydraulic conductivity
of phreatic aquifer is excellent, the formation lithology, the thermal conductivity and the
water table burial depth conditions are not suitable for designing and constructing the
BHE [31]. Hence, the western study area was designated as a region with low suitability.
Moving on to the southern study area, it is characterized by formations consisting of
alternating layers of sand and clay, with phreatic water situated at depths ranging from
2 to 10 m. The SHC is measured to be less than 1.0 kJ/(kg ◦C), while the average ground
temperature remains below 13 ◦C. Additionally, the thermal conductivity is found to be less
than 1.5 W/(m ◦C). The geological type and the buried depth of phreatic water conditions
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in the southern study area are well, but the SHC, the average ground temperature and
the thermal conductivity conditions are bad, which leads to the southern study area was
classified as poor adaptability area.
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The adaptability area covers about 438.00 km2, constituting 15.34% of the total study
area, while the moderate adaptability area covers approximately 1919.08 km2, accounting
for 67.19% of the study area. These two areas collectively constitute about 82.53% of the
study area and are primarily situated in the central and eastern parts of the study area. The
evaluation indicators comprise several characteristics, including the sand–clay thickness
ratio, which generally remains below 30. Moreover, the average ground temperature
predominantly below 15 ◦C, with the SHC exceeding 1.0 kJ/(kg·◦C) and the thermal
conductivity surpassing 1.75 W/(m·◦C). The aquifer thickness is larger than 132 m, while
the depth of the phreatic water is less than 50 m and the hydraulic conductivity of phreatic
aquifer mainly ranges from 5–20 m/d.

Unlike the region with poor suitability, both the moderately suitable and highly
suitable areas showed notable impacts from SHC, thermal conductivity, aquifer thickness,
depth of phreatic water table, as well as hydraulic conductivity of confined and phreatic
aquifer. The evaluation indicator characteristics also are compared in the areas of moderate
adaptability and adaptability, the distribution characteristics of SHC align with those of the
adaptability area, suggesting the significant of the SHC in the adaptability area. The above
description demonstrates that suitability zoning is a systematic work, in which different
indicators have different contribution, thus the influence of various indicators on the BHE
should be fully considered in suitable zoning to avoid improper zoning results [90].

4.3. Evaluation of the Resource Potential of the BHE
4.3.1. Heat Capacity (HC)

To calculate the HC, the study area was divided into three sub-regions based on
landforms, namely the inclined pluvial plain (I), pluvial–alluvial plain (II), and alluvial–
lacustrine plain (III), as shown in Figure 1b. Next, the volume method was employed
to calculate the heat capacity of the aeration and saturated zones within the depth of
100 m and 200 m and the results are presented in Table 6. The HC in the Yinchuan
area within a depth of 100 m is 1.09 × 1015 kJ/◦C, with a corresponding HC per unit
area of 3.82 × 1011 kJ/◦C/km2. The HC per unit area of sub-region I is the highest,
5.07 × 1011 kJ/◦C/km2, while sub-regions II and III are equivalent, 3.47 × 1011 kJ/◦C/km2.
The HC within a depth of 200 m is 1.94 × 1015 kJ/◦C, with a HC per unit area of
6.79 × 1011 kJ/◦C/km2. The HC per unit area is highest in sub-region I, followed by
sub-regions II and III. Considering the thermophysical indicators and hydrogeological
profile, it is evident that sub-region I is primarily composed of sand and gravel, exhibiting
high moisture content, porosity, and specific heat capacity, so the HC per unit area is large.
In sub-region II and sub-region III, the lithology of the formation both consists with sand
and clay layers, with similar thermophysical indicators and negligible disparity in water
table burial depth, resulting in a similar amount HC per unit area. The HC per unit area
within a depth of 200 m in Yinchuan urban is 4.43 × 1011 kJ/◦C/km2 [56].

Table 6. Calculation results of heat capacity in the Yinchuan area.

Sub-Region I II III Total

Area (km2) 629.93 682.19 1544.07 2856.19

Aeration zone (kJ/◦C)
QW 4.56 × 1013 4.32 × 1012 7.78 × 1012 5.77 × 1013

QS 5.26 × 1013 5.50 × 1012 1.03 × 1013 6.84 × 1013

QA 6.06 × 109 6.48 × 108 1.30 × 109 8.00 × 109

Saturated zone within 100 m (kJ/◦C)
QW 5.84 × 1013 9.99 × 1013 2.23 × 1014 3.81 × 1014

QS 6.44 × 1013 1.17 × 1014 2.77 × 1014 4.58 × 1014

QR 3.19 × 1014 2.37 × 1014 5.36 × 1014 1.09 × 1015

Heat capacity per unit area within
100 m (kJ/◦C/km2) 5.07 × 1011 3.47 × 1011 3.47 × 1011 3.82 × 1011
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Table 6. Cont.

Sub-Region I II III Total

Saturated zone within 200 m (kJ/◦C)
QW 1.64 × 1014 2.09 × 1014 4.53 × 1014 8.26 × 1014

QS 1.79 × 1014 2.46 × 1014 5.63 × 1014 9.88 × 1014

QR 4.41 × 1014 4.65 × 1014 1.03 × 1015 1.94 × 1015

Heat capacity per unit area within
200 m (kJ/◦C/km2) 7.01 × 1011 6.81 × 1011 6.70 × 1011 6.79 × 1011

In terms of the HC per unit area within a depth of 200 m in other provincial capitals of
China [91], the Yinchuan area is ranked fifth, behind Beijing, Nanjing, Fuzhou, and Xi’an.
Moreover, the HC per unit area within a depth of 200 m in the Yinchuan area surpasses the
average value (5.14 × 1011 kJ/◦C/km2) of provincial capitals of China (Figure 9). Hence,
the SGE resources in the Yinchuan area are important and have the potential to provide a
large amount of clean energy.
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4.3.2. Heat Exchange Power (HEP)

Given that the poor adaptability area is not suitable for the application of the BHE,
it was not considered when calculating the HEP and the resource potential. The moder-
ate adaptability area and the adaptability area were subdivided into three sub-regions to
accurately calculate HEP based on landform characteristics (inclined pluvial plain, pluvial–
alluvial plain and alluvial–lacustrine plain), as illustrated in Figure 10. These sub-regions
encompass an area of 173.09 km2, 674.40 km2, and 1509.59 km2, respectively. HEP was cal-
culated for both winter and summer, with and without considering the land use coefficient.
The results are presented in Figure 11. Considering the land use coefficient, the winter
HEP in the Yinchuan area was 5.451 × 106 kW, while in the summer it was 1.265 × 107 kW,
which yielded a cumulative HEP of 1.811 × 107 kW. Conversely, in the absence of consid-
eration for the land use coefficient, the winter HEP in the Yinchuan area was estimated
to be 1.645 × 108 kW, with the summer HEP reaching 3.819 × 108 kW, resulting in a total
HEP of 5.463 ×108 kW. The temperature difference between the borehole heat exchanger
circulating liquid and the formation in summer exceeds that of winter, leading to a higher
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ability of use formation energy in summer than in winter, and the HEP in summer is higher
compared with that in winter [92].
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The distribution of SHHEP in the Yinchuan area was shown in Figure 12. In winter, the
SHHEP is between 1052.12 W and 2829.28 W. The highest value was recorded in the Helan
county located in the northern part of the Yinchuan area, and the lowest value was obtained
in Yongning county situated in the southeast part of the Yinchuan area. In summer, the
SHHEP ranges from 2825.25 W to 4879.86 W. It should be mentioned that for most of the
Yinchuan area, the SHHEP in summer is relatively high, with the exception of the Xixia
district and northern Helan county, where the SHHEP is lower.
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Analyzing the distribution of SHHEP in winter and the distribution of average ground
temperature, results showed that the high value of SHHEP in winter was consistent with
the high value of average ground temperature. This highlights the direct impact of the
average ground temperature on the SHHEP in winter. Specifically, a higher average ground
temperature increases the HEP in winter. It should be noted that the BHE system extracts
heat from the formation for heating purposes in winter and inputs heat to the formation for
cooling in summer. Therefore, a lower average ground temperature is conducive to heat
dissipation in summer. Hence, the distribution law for SHHEP in Yinchuan has an inverse
relationship between winter and summer [93].

4.3.3. Resource Potential of the BHE

The results of the resource potential evaluation of the BHE shown in Figure 13 demon-
strate that the total heating area of the BHE in the Yinchuan area in winter is 1.16 × 108 m2,
with a corresponding resource potential of 4.92 × 104 m2/km2. In contrast, the cooling
area during summer is 1.83 × 108 m2, with a resource potential of 7.78 × 104 m2/km2,
which exceeds that in winter. The winter potential of sub-region is ranked as I-2, I-1,
and I-3, whereas the summer potential of sub-region is ranked as I-3, I-2, and I-1. This
study demonstrates that the sub-region rank of SHHEP in winter aligns with the rank of
winter potential, whereas the sub-region rank of SHHEP in summer aligns with the rank of
summer resource potential. Thus, the quantity of SHHEP is the primary determinant of
resource potential.
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4.4. Evaluation of Economic and Environmental Benefits

Based on the “General rules for calculation of the comprehensive energy consump-
tion” [94], the conversion coefficient between standard coal and raw coal is set to 0.7143,
and the saved standard coal is calculated. The environmental benefits from the emission
reduction of the BHE development and utilization in the Yinchuan area was calculated
using the “Specification for estimation and evaluation of geothermal resources” (DZ/T
0331-2020) [95] and the emission reduction coefficient and treatment cost per kilogram of
standard coal are presented in Table 7.

Table 7. Emission reduction coefficient and treatment cost per kilogram of standard coal.

Emission Reduction Substances CO2 SO2 NOx Suspended Dust Ash

Emission reduction coefficient 2.386 1.7% 0.6% 0.8% 10%
Treatment cost (CNY/kg) 0.1 1.1 2.4 0.8 0.04

Figure 14 indicates the calculation results of the available geothermal resources, eco-
nomic and environmental benefits of the BHE development in the Yinchuan area. Consid-
ering the land use coefficient, the annual total usable capacity of the BHE in the Yinchuan
area is 1.07 × 108 GJ, and the economic benefits is 1.07 × 109 CNY. The amount of raw
coal saved is 1.53 × 106 t, which is comparable to 1.09 × 106 t standard coal. The develop-
ment and utilization of SGE not only brings about economic benefits, but also reduces the
emission of polluting gases. The main air pollutants in Yinchuan are SO2 and NOX [96].
Collectively, these results indicate that the SGE can reduce emission of 6.57 × 103 t NOX,
1.86 × 104 t SO2, 2.61 × 106 t CO2 and save 3.09 × 108 CNY in environmental treatment
cost per year. The Yinchuan area has great shallow geothermal resource potential. Har-
nessing SGE has significant economic and environment benefits. Hence, policymakers are
encouraged to formulate robust policies for the vigorous development of SGE to propel
the region towards green, low-carbon, and sustainable growth, aligning with China’s
dual-carbon target.
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5. Conclusions

This paper provided a comprehensive analysis of the thermophysical parameters
and hydrogeological conditions in the Yinchuan area. Suitability zones for the BHE were
delineated and the resource potential was evaluated accordingly. Additionally, an economic
and environmental analysis was conducted. The results and conclusions are outlined below.

The thermal response test results and thermal parameters test indicate that the effective
thermal conductivity and thermal conductivity of the Yinchuan area is relatively larger
compared with that of north cities of China, suggesting that the Yinchuan area has a high
potential for SGE. The thermostat layer depth is about 40–60 m while the geothermal
gradient ranges from 0.81 to 6.19 ◦C/100 m. There are three types of suitability zones for
the BHE in the Yinchuan area. Notably, the poor adaptability area is mainly distributed
in the western and southern parts of the study area, the moderate adaptability area and
adaptability area are primarily situated in the central and eastern parts. The lithology
of the formation, thermal conductivity, and depth of the water table burial played a
significant role in determining the suitability of certain areas. Additionally, the areas
classified as moderately suitable and highly suitable were notably affected by factors such
as SHC, thermal conductivity, thickness of the aquifer, depth of phreatic water, confined
aquifer hydraulic conductivity, and phreatic aquifer hydraulic conductivity. The BHE not
only has great resource potential, but also has significant economic and environmental
benefits in the Yinchuan area. When the land use coefficient is taken into consideration,
the HEP is 1.81 × 107 kW. The BHE resource potential is 4.92 × 104 m2/km2 in winter
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and 7.78 × 104 m2/km2 in summer. The total available geothermal resource of the BHE
is 1.07 × 108 GJ/a, and the economic benefit is 1.07 billion CNY/a. Meanwhile, it can
reduce emission of 2.61 × 106 t CO2, 1.86 × 104 t SO2, and 6.57 × 103 t NOx and save up to
0.309 billion CNY in environmental treatment cost annually.

The model employed in this study presents valuable insights for evaluating the shallow
geothermal energy in arid, cold, or similarly conditioned regions. The evaluation outcomes
indicate that the Yinchuan area possesses substantial potential of shallow geothermal
energy, and the applying of the BHE will offer significant economic and environmental
advantages. We recommend that decision makers to accelerate the development of SGE,
devising scientifically sound and standardized development plans, and harness the SGE to
expedite the achievement of the dual-carbon target in China. Although the AHP method
is applied widely in suitability zoning, the evaluators need to fully understand the basic
conditions of the study area, and the impact of subjective judgments on the results should
not be ignored. In follow-up research, a comprehensive evaluation framework should be
proposed, which considers both subjectivity and objectivity, to obtain more reasonable
results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su162410962/s1, Figure S1: Monthly average precipitation and
temperature of the study area.
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Appendix A

The judgement matrices of the AHP and the calculated results of weights are as follows:

Table A1. A-B Judgment matrix and weight.

A B1 B2 B3 ωi

B1 1.00 2.00 3.00 0.540
B2 0.50 1.00 2.00 0.297
B3 0.33 0.50 1.00 0.163
CR 0.007 < 0.1

Notes: The target layer (A) is the suitability zoning of the BHE. The object layer (B) consisted of thermophys-
ical indicators (B1), hydrogeological conditions (B2), and geological environmental conditions (B3). CR is the
consistency ratio of the judgment matrix.

https://www.mdpi.com/article/10.3390/su162410962/s1
https://www.mdpi.com/article/10.3390/su162410962/s1
https://www.home-for-researchers.com
https://www.home-for-researchers.com
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Table A2. B1-C Judgment matrix and weight.

B1 C1 C2 C3 ωi

C1 1.00 1.00 2.00 0.4
C2 1.00 1.00 2.00 0.4
C3 0.50 0.50 1.00 0.2
CR 0

Notes: thermal conductivity (C1), specific heat capacity (C2), average ground temperature (C3). CR is the
consistency ratio of the judgment matrix.

Table A3. B2-C Judgment matrix and weight.

B2 C4 C5 C6 C7 ωi

C4 1.00 1.00 0.33 0.33 0.124
C5 1 1.00 0.33 0.33 0.124
C6 3.00 3.00 1.00 2.00 0.441
C7 3.00 3.00 0.50 1.00 0.312
CR 0.022 < 0.1

Notes: hydraulic conductivity of phreatic aquifer (C4), hydraulic conductivity of confined aquifer (C5), buried
depth of the water table (C6), and thickness of the aquifer (C7). CR is the consistency ratio of the judgment matrix.

Table A4. B3-C Judgment matrix and weight.

B3 C8 C9 ωi

C8 1 2 0.667
C9 0.5 1 0.333
CR 0

Notes: geomorphology (C8) and thickness ratio of sand/clay (C9). CR is the consistency ratio of the judg-
ment matrix.

Table A5. Total ranking and combination weight.

B1 B2 B3 Combination
Weight

0.540 0.297 0.163
C1 0.4 0.216
C2 0.4 0.216
C3 0.2 0.108
C4 0.124 0.037
C5 0.124 0.037
C6 0.441 0.131
C7 0.312 0.093
C8 0.667 0.109
C9 0.333 0.054

CRL 0.010 < 0.1

Notes: CRL is the consistency ratio of the total rank.
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