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Abstract: In Situ Gas Thermal Desorption (ISGTD) is one of the effective 

approaches for organic contaminated soil. To investigate the heat-moisture 

transfer characteristics of soil during the heating process, a radially layered 

coupled heat-moisture model of the ISGTD system is established. The 

temperature and moisture distribution along the radial direction of the heat 

source, as well as the synergistic action of heat-moisture transfer at different 

heating stages are analyzed. The effects of heat intensity and initial water content 

on the heating performance are discussed. The results demonstrate that the liquid 

water migration driven by temperature gradient is greater than that driven by 

water content gradient and the liquid water migration in each soil unit increases 

from the heat-up stage to the superheating phase inside-out radially. The gas 

flow rate directly affects the stable temperature and heating time, while the initial 

water content only contributes to the heating time when the stable temperature 

remains unchanged. The correctness of the numerical model and results is 

verified by comparing them with on-site experimental data. Considering that 

high initial water content will lead to an extension of the heating time in the first 

two stages, further optimization design can be carried out for less gas flow rate 

and shorter heating time to achieve energy-saving remediation of high moisture 

soil. The above findings are of guiding significance in the engineering 

applications of contaminated soil remediation. 
 

Keywords: Polluted Soil, Thermal Desorption, Dynamic Layered Model, 

Heat-Moisture Transfer 
 

Introduction 

Soil is an indispensable component of the ecological 

environment and the material basis of human social 

production and life. However, with accelerated global 

industrialization and urbanization, soil pollution has 

become an increasingly prominent concern, as has 

unreasonable industrial emissions, agricultural production 

and sewage irrigation (Khan et al., 2021). This 
phenomenon may directly change the intrinsic physical 

and chemical properties of soil, further leading to an 

imbalance in the ecological system. Even worse, the 

accumulated pollution in the soil can easily enter the food 

chain and seriously endangers the health of animals and 

human beings (Baltas et al., 2020; Khan et al., 2017; 

Zwolak et al., 2019). Given the universality and severity 

of soil contamination, the research on remediation 

technologies for contaminated soil has already become a 

hotspot. According to the nature of contaminants, soil 

pollution can be divided into organic pollution and 

inorganic pollution. The primary remediation 

technologies for organic pollution are physical 

remediation (such as excavation and Thermal Desorption, 

TD), chemical remediation (such as soil washing and 

oxidation-reduction technology), as well as biological 
remediation (Zheng et al., 2022; Sun et al., 2018). 

Excavation is mainly used for low-pollution soil. During 

excavation and transportation, volatile organic pollutants 

may cause air pollution. For soil washing and remediation, 

chemical eluents are easily adsorbed by soil to increase 

toxicity. Bio-remediation eliminates pollutants by 

decomposing contaminated substrates into nutrients, 

which requires a considerable period of time (Sun et al., 

2018). Situ Thermal Desorption (ISTD) uses hot steam 

injection or heating elements to heat the soil to a 

sufficiently high temperature, separating organic 
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pollutants from the soil and collecting them for secondary 

treatment aboveground (Ding et al., 2019; Triplett et al., 

2010). Compared with other technologies, ISTD has the 

advantages of no secondary pollution, high removal 

efficiency, short treatment period and recycling of soil. ISTD 
is suitable for the remediation of most volatile and semi-

volatile organic pollutants, such as Petroleum HydroCarbons 

(PHCs), Polycyclic Aromatic Hydrocarbons (PAHs), 

PhthAlate Esters (PAEs), PolyChlorinated Biphenyls 

(PCBs), Hexa Chloro Benzenes (HCBs), Organo-Chlorine 

Pesticides (OCPs) and hexadecanes (Triplett et al., 2010; 

Kuppusamy et al., 2017; Zhao et al., 2019). 
In the past few decades, ISTD has been successfully 

applied in many remediation projects, with an extremely 
high removal efficiency of organic contaminates (>99%) 
(EPA, 2017). In addition, ISTD is sustainable for land 
reuse. For construction land, most of the geotechnical 
properties increased after heating, indicating an 
improvement in the stability, bearing capacity and 
compressive strength of thermal repaired soil (Chen et al., 
2018a). For agricultural land, heating below 250°C can 
increase nutrient availability and release dissolved organic 
carbon to support the growth of plants and microorganisms 
(Ding et al., 2019; Pape et al., 2015). However, heating 
above 250°C will reduce the content of organic matter and 
clay, damaging soil fertility (Ding et al., 2019; Pape et al., 
2015). To restore ecological functions, further 
strategies are needed, such as adding soil nutrients and 
organic matter or mixing unpolluted soil with heated 
soil (Ding et al., 2019; Vidonish et al., 2016). 

Since the removal of organic pollutants mainly 

depends on temperature, heating energy consumption is 

an important consideration factor. The energy used for 

heating can be electrical energy, natural gas combustion, 

or sustainable energy. Although the remediation cost 

mainly depends on the basic characteristics of 

contaminated soils (concentration of pollutants, moisture 

content and soil textural composition), ISTD is generally 

more expensive with an average cost of $76-$500 per 

metric ton treated (adjusted to 2024 USD) (Ding et al., 

2019; Vidonish et al., 2016; Heron et al., 2009). To reduce 

energy consumption, (Xu et al., 2022) conducted 

numerical simulations to optimize the heating well 

arrangements. It is found that the triangular mode 

performs better than the hexagonal mode at the same well 

spacing and reducing the well spacing can improve the 

temperature uniformity of soil and reduce the overheating 

loss. Zhang et al. (2022) proposed three energy-saving 

strategies for an in-situ gas thermal remediation system 

and studied the natural gas consumption and energy 

utilization ratio. These studies mainly focus on improving 

the systematic design of ISTD to achieve energy saving 

and consumption reduction, with little consideration 

given to heat-mass transfer characteristics and their 

impact on the heating efficiency from the perspective of 

soil porous media characteristics. 

Soil is a typical porous medium composed of three 
phases: Solid skeleton, liquid water and various gases. 
Essentially, the main process of thermal remediation is heat 
and mass transfer of multi-component and multi-phase flow 
in the porous media (De Vries, 1958; Nassar and Horton, 
1997; Khan et al., 2021). For unsaturated soils with two 
forms of water in the pores (liquid water and gaseous 

water), this heat and mass transfer process is more 
complex. Specifically, moisture transfer in the 
unsaturated soil includes liquid water transfer driven by 
temperature gradient and water content gradient, as well 
as water vapor transfer under the action of temperature 
gradient and pressure gradient (Philip and De Vries, 1957; 
Cherati and Ghasemi-Fare, 2019). The above heat-moisture 
transfer process forms the distribution of temperature and 
moisture content in the soil (Hedayati-Dezfooli and Leong, 
2019), greatly affecting the remediation efficiency and 
energy consumption of ISTD. It is of great significance to 
clarify the heat-mass transfer mechanisms and heating 

characteristics of soil during heat treatment and provide 
suggestions for effective heating strategies. 

A radially layered coupled heat-moisture transfer model 

for unsaturated soil of an In Situ Gas Thermal Desorption 
(ISGTD) system is proposed to simulate the temperature 

and moisture distribution along the radial direction of the 

thermal well, as well as the synergistic effect of the heat-

moisture transfer process in the heated soil. The system 

model is analyzed using numerical methods and validated 

using MATLAB. A detailed study is conducted on the 

spatial and temporal distribution of soil temperature and 

Volumetric Water Content (VWC) at different heating 

stages, as well as the heat-moisture transfer characteristics 

driven by temperature gradient and water content gradient. 

Meanwhile, the effect of natural gas flow and initial VWC 

on the thermal performance is studied respectively. The 
results can provide a theoretical reference for the design of 

heating strategies for energy-efficient ISTD applications. 

Materials and Methods 

System Description 

The configuration of the ISGTD system for soil 

contamination is shown in Fig. (1). The system mainly 

consists of the burner, thermal well, polluted soil, extraction 

well and off-gas treatment unit. The heating gas generated by 

the combustion of natural gas and air in the burner flows into 

the thermal well, which is vertically inserted into the soil. As 

the heating gas flows in the thermal well, the restoration soil 

is heated to a sufficiently high temperature, allowing volatile 

contaminants to evaporate from the soil. This gaseous 

product is extracted from the extraction well and subjected to 

secondary treatment at the above ground to the off-gas 

treatment. In addition, to reduce heat dissipation and prevent 

pollutant diffusion during operation, an insulating layer is 

laid on the surface of the soil. 
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(a) 

 

 
(b) 

 
Fig. 1:  System configuration of the ISGTD system; (a) Schematic 

diagram; (b) System flowchart 
 

Based on the temperature variation of the heated soil 

(Zhang et al., 2022; Heron et al., 2015; 2013; 2009; Xu et al., 

2020), the remediation process can be divided into the heat-

up phase, boiling phase and superheating phase. In the heat-

up phase (phase-1), the soil is heated from the initial 

temperature to 100°C In the boiling phase (phase-2), the 

temperature of the soil remains constant at 100°C with lots 
of liquid water evaporation. In the superheating phase 

(phase-3), the dry soil will be heated to a final high 

temperature with the organic contaminations evaporating 

from the soil. 

There is coupling and mutual heat-moisture transfer in 

unsaturated soil during the thermal remediation process. 

The moisture transfer is mainly manifested by liquid 

water diffusion, liquid water evaporation and water vapor 

migration. During the heating process, the liquid water 

diffusion occurs within the target soil and between the 

target soil and the surrounding soil under combined 

temperature and moisture gradients. The transfer from 
liquid water to water vapor caused by evaporation only 

occurs in phase 2. The migration of water vapor under 

extraction occurs in phases 2 and 3. The first two moisture 

transfer processes are directly related to the heat transfer 

or temperature variation of the soil. 

On the other side, the heat transfer in the soil is 

manifested in the following ways: Heat input caused by 

the migration of liquid water from the surrounding 

unheated sites; heat loss absorbed by liquid water 

evaporation; heat loss caused by extracting water vapor; 

heat input from the high-temperature flue gas of the 

thermal well in forms of heat conduction and heat 

convection; heat conduction between the heated soil and 

adjacent unheated sites as well as between the heated soil 

and the top insulation layer. The above heat-moisture 

transfer process plays a decisive role in the heating 

characteristics of the soil. 

The physical model of the ISGTD system for simulation 

is shown in Fig. (2), which contains a burner, a heating well 

and the target soil with an insulation layer. There, a typical 

cylindrical soil unit with a heating well in the center is shown 

in Fig. (2a). It has an inner diameter of 1.45 m, an outer 

diameter of 4 m and a depth of 5.5 m. Figure (2b) shows the 

radially layered model of the heated site. To investigate the 

spatial distribution of soil temperature and moisture transfer 

along the radial direction of the heat source, the heating field 

is radially divided into 10 units on average, which are 

denoted as S1, S2, ...... and S10. 

As shown in Fig. (2c), the burner, the thermal well and 

the layered soil units S1, S2, ...... and S10 are respectively 

treated as lumped-parameter nodes based on the lumped-

parameter method, detailed in section 2.2. For each 
layered unit of soil, Sn, the heat and mass inputs from 

adjacent layers, 1nΓ  and 1nΓ , as well as the boundary 

conditions and initial conditions will determine the output 
characteristics of the target layer. They are mainly 

characterized by the temperature, stable temperature 

gradient, volumetric water content, liquid water migration, 

liquid water evaporation and heating time during the 

thermal desorption process. In addition, the determined 

conditions include the physical property parameters of the 

soil, such as initial temperature, initial volumetric water 

content, target heating temperature and conditions of top 

insulating and surrounding soil. 

 

 
(a) 
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(b) 

 

 
(c) 

 
Fig. 2: Physical model of the system; (a) Longitudinal model of 

the heated unit; (b) Radially layered model of the heated 
site; (c) Lumped-parameter model of the system 

 

Mathematical Modeling 

The following assumptions are made in the model: 

 

1. The soil is homogeneous and isotropic 

2. The soil is unsaturated and consists of three phases: 

Gas, liquid and solid, which are all continuous 

3. The air and water vapor in the soil are considered to 

be ideal gas 

4. There is no heat-moisture transfer between the heated 

site and the surrounding sites at the boundary. The 

moisture transfer occurs between the heated soil and 

the underlying unheated soil 
5. The pressure inside the soil is evenly distributed 

6. The effects of organic pollutants on soil temperature 

are ignored as the impact of pollutants in soil is less 

than the orders of magnitude of water 
 

Governing Equations of Mass Transfer 

Based on the mass conservation principle, the 

variation of liquid water is equal to the difference between 

the amount of migration and the amount of inside 

evaporation. The liquid water migration in the unsaturated 

soil is primarily caused by the temperature gradient and 

the moisture gradient together based on Darcy’s law 

(Bristow et al., 1986; Santander and Bubnovich, 2002; 

Chen et al., 2018b). Thus, the water content variation of 

each single soil unit, θwn, can be solved according to the 

following equations: 
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where, ρw is the density of liquid water; Vsn is the volume of 

Sn; mwv_n represents the mass of liquid water vaporized from 

Sn; mwi_n denotes the mass of liquid water migrating into Sn; 

Jwi_n is liquid water migration flux density; tsn is the 

temperature of Sn; Dwt and Dwθ are the mass diffusivities of 

the liquid water in soil caused by temperature gradient and 

moisture gradient respectively; l is the vertical transfer 

distance of the liquid water and Kw is the hydraulic 

conductivity of the soil.  
The mass equation of vapor for Sn can be given as follows: 

 

  _ _
vn

v sn wv n vo n

d
V m m

d





   (4) 

 
where, θvn is the vapor volumetric content of Sn; ρv is the 

density of vapor water; mvo_n is the mass of vapor water 

extracted into the extraction well, calculated as follows: 
 

_
e vn

vo n

eo vn v vn

N P
m

P P R T
 


 (5)  

 
where, Ne is the power of the extraction blower; Peo is the 

outlet pressure of the extraction blower; Rv is the gas 

constant; Pvn is the pressure of the vapor water and Tvn is 

the Kelvin temperature of vapor water. 

Governing Equations of Heat Transfer 

According to the law of energy conservation, the 

energy change in the soil is equivalent to the sum of the 

heat generated by the thermal well, the heat flux caused 

by liquid migration and vapor migration, the energy 

absorbed by liquid water evaporation and the heat leakage 

at the top insulation layer and the lower unheated soil 

(Wang et al., 2019). Therefore, the temperature dynamics 

of each single Soil unit (Sn) can be expressed as follows: 

 

       
sn

sn s n-1 n n n+1

w_n up_n down_n eva_n v_n

dt
m c =Q - Q +

dt

Q - Q - Q - Q - Q

 (6) 

 

where, msn and cs are the mass of Sn and the mass-specific 

heat of the soil defined as follows: 
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 where, ρdry is the dry density of soil.   n- n
Q

1
is the heat 

conduction between Sn and Sn-1;   1n- n
Q  is the heat 

conduction between Sn and Sn+1; Qup_n and Qdown_n are the heat 

leakage between Sn and the top insulation layer, as well as 

that between Sn and the underlying unheated site;   n- n
Q

1
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where, Qw_n and Qv_n indicate the migration heat of liquid 

water and extraction of vapor water respectively, 

calculated as follows: 

 

w_n wi_n w

v_n vo_n v

Q = m h

Q = m h





 (10) 

 

where, hw and hv are the specific enthalpy of liquid water 

and vapor water and mwi_n and mvo_n can be obtained by 

Eqs. (2) and (5). 

Qeva_n represents the energy absorbed by liquid water 

evaporation, calculated as follows: 

 

eva_n wv_nQ = m H  (11) 

 

where, H is the latent heat of water evaporation. 

It is worth noting that when n = 1, the heat input
  1n- n

Q  

in Eq. (6) should be replaced by QWs, which represents the 

heat conduction from the heating well to the innermost 

soil unit (S1). QWs can be described as follows: 
 

 Ws W s

Ws

Q = t - t
R

1

1
 (12) 

 
When n = 10, there is no heat conduction between the 

outermost soil unit and the surrounding block in line with 

assumption (4), that is, Q(n)(n+1) = 0.
 

Simulation Condition Arrangement 

System Parameters and Boundary Conditions 

The above mathematical models are built and simulated 
in MATLAB R2017a. As the soil heating process is a 
slowly varying process, the sampling step is set as 3600 s 
(1 h) for simulation. Related parameter determinations of 
the ISGTD system are shown in Table 1. 

The temperature of the top insulating layer and 
underlying unheated soil are 30 and 20°C respectively. 
Other parameters of the underlying unheated soil are 
consistent with those in Table 1. The power of the 
extraction pump is 5500 W. Based on assumption (4), 

there is no heat exchange between the heated soil and the 
boundary surrounding soil. 

Simulation Cases 

The heating temperature as well as the physical and 

chemical properties of soil is the primary factors affecting 

the thermal desorption efficiency. For the ISGTD system, 

the final heating temperature of the soil is mainly 

dependent on the heat supplied by the thermal well that is 

directly generated by the high-temperature flue gas of the 

burner. In addition, the initial water content of soil is an 

essential parameter affecting the thermal desorption effect 

and engineering cost. The variations of the mass flow rate 

of natural gas Gg and the volumetric water content of soil 

θw0 are taken as two simulation conditions as shown in 

Table 2. Specifically, different disturbances in Gg and θw0 

are set to investigate the spatial and temporal distribution of 

temperature and moisture, as well as the synergistic action 

of the heat-moisture transfer process in the heated soil. 

 
Table 1: Parameter determinations 

Parameters Values Parameters Values 

Natural gas  Thermal well 
Density (kg/m3) 0.728 Mass (kg) 1308.00 
Specific heat (J∙kg-1∙K-1) 34539.000 Specific heat (J∙kg-1∙K-1) 472.00 
Low heating value (J/m3) 2185.000 Emissivity 0.35 
Inlet temperature (℃) 20.000 black-body radiation coefficient (W∙m-2∙K-4) 5.67 
Air  Heat exchange efficiency 0.90 
Density (kg/m3) 1.029 Soil 
Specific heat (J∙kg-1∙K-1) 1000.000 Dry density (kg/m3) 1580.00 
Inlet temperature (℃) 20.000 Density of liquid water (kg/m3) 1000.00 
Burner  Density of vapor water (kg/m3) 0.60 
Mass (kg) 25.026 Void ratio 0.35 
Specific heat (J∙kg-1∙K-1) 472.000 Initial temperature (°C) 20.00 
Heat exchange efficiency 0.007 Latent heat of evaporation (J/kg) 2257200.00 
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Table 2: Arrangement of simulation cases 

Simulation condition Setting valueg/s Simulation condition Setting value m3/m3 

The mass flow rate of 0.495 Initial volumetric water 0.15 
natural gas 0.742 content of soil 0.20 
 0.989  0.25 
 1.237  0.30 
 1.484  0.35 

 

Results and Discussion 

Steady-State Characteristics 

In this section, the mass flow rate of natural Gas (Gg) 
and the initial volumetric water content (θw0) of soil are set 

as baseline values to analyze the steady-state characteristics. 

That is, Gg is 0.989 g/s and θw0 is 0.25 m3/m3. 

Figures 3(a-b) shows the variations of temperature and 
volumetric water content of different soil units S1-10. As 
shown in Fig. (3a), the variation tendency of tsn is strictly 

consistent with the results (Xu et al., 2020; 2022; Li et al., 
2019; Wang et al., 2019; Zhang et al., 2022; Heron et al., 
2015). With continuous heating of the thermal well, ts1 
firstly increases from 20-100°C within 0.6 days; and remains 
unchanged for 1.5 days due to the evaporation of liquid water. 
After all the liquid water of S1is evaporated, ts1 continues to 
rise rapidly and is stable at 616°C within 66 days. With 
an inside-out process of heat transfer, ts2-s10 manifests the same 
rising characteristics as ts1and then are stable together. 

As shown in Fig. (3b), for phase-1, θwn is basically 
constant at 0.25 m3/m3. In phase 2, θwn declines 
considerably from 0.25-0 m3/m3 due to the large amount of 

liquid water evaporation. During phase 3, due to the 
extremely high temperature, the fluid water permeating 
from unheated areas will evaporate immediately and θwn 

remains constant at 0 m3/m3. 
The heating time of three stages and stable 

temperature for S1-10 derived from Fig. (3a) are shown in 
Figs. (3c-d) respectively. The heating time of phase-1 
ranges from 0.6-29.4 days, with increasing from S1-10 
moderately. The heating time of phase 2 is concentrated 
within 1.5-4.6 days. The reason primarily lies in that the 
liquid water content in each unit increases gradually as the 
volume increases from S1-10. Compared with the first two 

stages, the heating time of phase 3 is 35-67 days. It is 
worth noting that since S1 is the first to reach phase 3 and 
all units simultaneously reach the final stable state, the 
heating time of phase 3 decreases from S1-10. 

The stable temperature of each unit (tsn_sta) and the 

steady-state temperature difference between adjacent 

units (Δtsn_sta) are respectively shown in Fig. (3d). It 

should be noted that ts1_sta corresponding to S1 denotes the 
steady-state temperature difference between the heating 

well and the innermost soil S1. As shown in Fig. (3d), as 

the radial distance increases, tsn_sta decreases 

successively from 616-524°C. These obvious 

temperature gradients are caused by the thermal resistance 

between adjacent layers. In addition, as the radial contact 

area of adjacent layers increases, the thermal resistance 

between the adjacent units decreases from S1-10 and the 

temperature gradient Δtsn_sta also decreases. 

Figure (3e) shows the variations of liquid water 

migration rate Gwi of different soil units during the heating 

process. According to Eq. (3), under the condition that the 

temperature and moisture content of the underlying soil are 

constant, the liquid water migration depends on the 

temperature of soil ts, the volume moisture content of soil 

θw and the contact area between the heating field soil and 
the underlying soil. Since the liquid water migration caused 

by moisture gradient is far less than that caused by 

temperature gradients, the variation of Gwin is basically 

similar to that of tsn shown in Fig. (3a). 

To further investigate the interaction between heat 

transfer and moisture transfer of the soil, the average value 

of water migration rate (Gwi_a) in each unit of the stages 

obtained from Fig. (3d) is shown in Fig. (3f). On the whole, 

Gwi_a gradually increases from S1-10 and increases from 

phases-1-3. Besides, Gwi_a of phase 3 is much larger than 

that of the first two stages. This can be explained as the 

contact area between the heated soil and the underlying 
unheated soil gradually increases from the inner unit (Sn) to 

the outer unit (Sn+1) and the temperature of different soil 

units increases from phases-1-3 state condition. 

To verify the model, the findings are compared with 

other studies. The variations in soil temperature and VWC 

are strictly consistent with the results of numerous 

experimental studies (Sun et al., 2018; Ding et al., 2019; 

Triplett et al., 2010; Hedayati-Dezfooli and Leong, 2019; 

Heron et al., 2015; 2013; 2009; Xu et al., 2020). It has 

three distinct stages: The heat-up phase, boiling phase and 

superheating phase. The peak water content occurs in the 

outermost layer of soil at the end of phase 1. Regarding 

the study of heat-moisture transfer of unsaturated soil, 

(Chen et al., 2018b) pointed out that the peak water 

content was generated under the coupled effect of soil 

temperature gradient and water content gradient. Gao et al. 

(2020) found that the moisture migration flux was positively 

correlated with the temperature. These studies also 

strongly support the steady-state results shown in Fig. (3). 

Dynamic Characteristics 

The objective of this section is to analyze the effects 

of various input disturbances on the heat-moisture transfer 

characteristics of contaminated soil. For convenience, the 

soil units of S1, S5 and S10 are taken as main cases. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
(e) 

 

 
(f) 

 
Fig. 3: Heating characteristics of the soil under steady-state 

conditions; (a) tsn versus times; (b) θwn versus times; (c) 
The heating time of three stages; (d) The stable 
temperature and temperature difference of each unit; (e) 
Variations of Gwi of each unit; (f) Gwi_a of each unit 

 
Disturbance of Natural Gas Mass Flow Rate 

Figure 4 shows the temperature variations of the 
heated soil under different step disturbances in Gg as 

shown in Table 2. It can be seen that as Gg increases, the 

stable temperatures of all soil units increase exponentially. 

As S5 shows, ts5_sta increases from 376-640°C as Gg increases 
from -50% step-disturbance to +50% step-disturbance. 

Figure 5 shows the heating time of three stages and the 

total heating time under different Gg. As the mass flow 
rate of natural gas increases, the heating power of the 

thermal well to the soil increases accordingly. Therefore, 

τ1, τ2 andτ3 are all shortened and τ1 and τ3 are greatly 

affected. As shown in Fig. (5a), the closer to the radial 
outer units, the greater the effect of increased natural gas 

flow on the time required to reach a temperature of 100°C. 

When Gg increases from 0.495-1.484 g/s, τ1_s1 slightly 
decreases from 2.45-0.34 days; τ1_s5 decreases from 26.8-7.1 

days significantly and τ1_s10 decreases more prominently 

from 61.8-21.4 days. For the boiling phase shown in Fig. (5b), 
as Gg increases, τ2_s1, τ2_s5 and τ2_s10 are shortened by 4.3, 

3.7 and 6.0 days respectively. For the superheating phase 

shown in Fig. (5c), as explained in section 3.1 in Fig. (3c), 

τ3 shows a downtrend from S1-10 under the steady state. 
When Gg increases, τ3_s1, τ3_s5 and τ3_s10 decrease by 58.6, 

41.6 and 18.7 days respectively. As shown in Fig. (5), the 
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total heating time of the target soil decreases from 
122.8-57.7 days as Gg increases. 
 

 
 
Fig. 4: Stable temperature of soil units at different Gg 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
Fig. 5: The heating time at different Gg; (a) τ1 under various Gg; 

(b) τ2 at various Gg; (c) τ3 versus Gg; (d) Total heating 
time under different Gg 

 
The average value of water migration rate Gwi_a at 

different Gg is shown in Fig. (6). Consistent with the steady-

state findings in Fig. (3c), Gwi_a of the outer unit (Sn+1) is 

larger than that of the inner unit (Sn) for any phases. Due to 

the shortening of τ1n and the increment of volumetric water 
content decreases with the increment of Gg, Gwi_a of each 

soil unit slightly decreases in phase-1, as shown in Fig. (6a). 

In phase 2, as tsn is constant at 100°C, Gwi_a of each soil unit 

is basically constant as shown in Fig. (6b). For phase-3 in 

Fig. (6c), Gwi_a of each soil unit shows an upward trend 

because that tsn increases with the increase of Gg. 

The heating power is the primary and critical factor 

that affects the heat-humidity characteristics and 

efficiency of ISTD (Zhao et al., 2019; Xu et al., 2020; 

Wang et al., 2019; Bulmău et al., 2014). For ISGTD, the 

natural gas flow rate determines the heating power to the soil. 

In another study of ISGTD (Zhao et al., 2019), increasing the 
gas flow rate would result in a fast temperature rising rate, 

high stable soil temperature (from 358-619°C) and decreased 

heating period (from 120.7-56.3 days). The above results 

are highly consistent with the dynamic characteristics of 

heat source disturbance in this section. 

Disturbance of Initial Volumetric Water Content 

The stable temperatures of S1, S5 and S10 under different 

disturbances of θw0 correspond to the simulation in Table 2, 

as shown in Fig. 7. It can be seen that due to the variation in 
θw0, ts_sta of each soil unit is invariable for constant Gg. ts1 sta, 

ts5_sta and ts10_sta are 620, 550 and 525°C respectively. 

The heating time of the three stages and the total 

heating time under different θw0 are shown in Fig. (8). It 

can be seen from Eqs. (7-8) that the changes in θw0 will 

directly affect the mass of the soil (msn) and the specific 

heat of the soil (cs). As θw0 increases, MSN and cs 

increase correspondingly, resulting in the increase of the 

heating time in phase-1 (τ1_n) for all the soil units, as 

shown in Fig. (8a). Moreover, there is a linear relationship 

between τ1n and θw0. The closer to the outer unit and the 
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greater the increment of heating time caused by the 

increase of θw0τ1_10 increases at a rate of 9.6 and τ1_1 

increases at a rate of only 1.4 in proportion to θw0. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 6: The average value of water migration rate Gwi_a at 

different Gg; (a) Gwi1_a versus Gg; (b) Gwi2_a at various Gg; 
(c) Gwi3_a under different Gg 

 

 
 

Fig. 7: The stable temperature of soil units with different θw0 

For phase-2 shown in Fig. (8b), τ2_n for S1-10 also 

increases linearly as θw0 increases. This can be attributed to 

that with a constant heating power, a larger θw0 means more 

liquid water in the soil and a longer time for liquid water 

evaporation. When θw0 increases from 0.15-0.35 m3/m3, τ2_1 

increases linearly from 0.9-2.1 days with a slope of 5.6; τ2_5 

increases from 2.1-4.4 days at a rate of 11.2 and τ2_10 

increases from 2.9-6.3 days with a slope of 17.0. The 

settling time of the soil increases from 66.8-79.8 days in 

proportion to θw0, as shown in Fig. (8d). 

The average value of water migration rate Gwi_a of the 

three stages under different θw0 are shown in Fig. (9). 

Based on Eq. (3), the liquid water migration in the 

unsaturated soil is primarily caused by the temperature 

gradient and the moisture gradient. As θw0 increases, Gwi1 

a increases slowly for all the soil units in phase-1 and 

phase-2 due to the increased moisture gradient and the 

steady temperature gradient. However, for phase 3 with 

continuous evaporation of the liquid water, the effect of 

moisture difference on the liquid water migration 

gradually decreases. Therefore, when θw0 changes, Gwi3 a 

remains constant for S1-10. Usually, during the entire 

heating process, the liquid water migration of the radial 

outer soil unit is greater than that of the inner soil unit, 

which is completely consistent with the steady-state 

characteristics shown in Fig. (3f). 
 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

 
Fig. 8: Heating time of the three stages with different θw0; (a) τ1 

under various θw0; (b) τ2 at various θw0; (c) τ3 versus θw0 
(d) Total heating time under various θw0 

 

 
(a) 

 

 
(b) 

 
(c) 

 
Fig. 9: Average value of water migration rate Gwi_a of the three 

stages with different θw0; (a) Gwi1_a versus θw0; (b) Gwi2_a 
at various θw0; (c) Gwi3_a under various θw0 

 
Initial water content is another important influencing 

factor. Consistent with previous research (Zhao et al., 
2019; Wang et al., 2019; Zhang et al., 2022), initial water 
content mainly influences the heat-up and boiling stages, 

especially the latter. As revealed by Wang et al. (2019), 
with initial water content increasing from 0.15-0.35 m3/m3, 
the boiling stage increased by 13 days. When the water 
content is high, water evaporation will increase the heat loss 
and increase the cost. In view of this problem, (Feeney et al., 
1998) reported that the optimal water content of polluted 
soil for TD should be 0.1-0.2 m3/m3. Actually, many 
contaminated sites do not meet this condition. To balance 
high water content with low energy consumption, further 
research is needed to develop an energy-saving heating 
strategy at different stages by adapting the natural gas 
flow, rather than constant heat intensity during the entire 

heating process. Relevant research has been conducted by 
our team and will be published later. 

Conclusion 

In this study, the heat-moisture transfer characteristics 
of the soil in the ISGTD system are investigated with a 
radially layered model of the heated site. The main 
conclusions are summarized as follows: 
 
1. The heat-moisture characteristics of soil show obvious 

temporal and spatial distributions during the TD 
process. With continuous heating, the temperature of 
soil increases gradually from the radial inner unit (Sn) 

to the outer unit (Sn+1) by stages and finally reaches a 
steady state with a temperature difference between 
adjacent units. The VWC of soil drops rapidly from S1-

10 in phase 2. The liquid water migration rate in each 
unit increases from S1-S10 and rises from phase-1-3 

2. The natural gas flow has a major influence on the 

heat-moisture transfer characteristics of soil. As the 

natural gas flow rate increases, the stable temperature 

of each soil unit is markedly elevated, the settling 
time significantly increases and the migration rate of 
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liquid water slightly decreases in phase-1 and 

increases in phase-3 
3. The initial water content of soil plays a prominent part 

in the settling time and moisture transfer but has no 

effect on the stable temperature of each soil unit. 
Moreover, the initial water content mainly influences 

the heat-up and boiling stages, especially the latter. 
The higher the initial water content, the greater the 

mass and mass-specific heat of the soil and the more 
liquid water evaporation, leading to a linear increase 

in heating time and energy consumption. In view of 
the thermal treatment of contaminated soil with high 

water content, future research should focus on an 
energy-saving heating strategy based on the impact of 

water content at different stages 
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Nomenclature 

t Temperature (°C) 

h specific enthalpy (kJ/kg) 

m Mass (kg) 

H Latent heat of evaporation (J/kg) 

ρ Density (kg/m3)Subscripts  

s Volume (m3) 

s Soil 

c Specific heat (J∙kg-1∙K-1)  

w Liquid water 

G Mass flow rate (g/s) 
g Natural gas 

P Pressure (Pa) 

W Thermal well 

R Thermal resistance (K/W) 

sta Stable 

θ Volumetric water content (m3/m3) 

a Average 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

τ Time (days) 

v  Vapor water 

ε Void ratio 

0 Initial state 

S Soil unit 
n Radial layer 

Abbreviation 

ISGTD In situ gas thermal desorption 

ISTD In situ thermal desorption 

TD  Thermal desorption 

VWC Volumetric water content 

PAHs Polycyclic aromatic hydrocarbons 

PCBs Polychlorinated biphenyls 

PHCs Petroleum hydrocarbons 

HCBs Hexachlorobenzenes 

OCPs Organo-chlorine pesticide 


