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Soil pollution has become an issue of concern with the development of industrialization. In situ gas thermal remediation is a suitable
remediation technology for heavily organic contaminated soil, yet its high energy consumption limits the application. In this study,
three energy-saving strategies, off-gas burn-back mode, heat-returning mode, and air-preheating mode, were proposed, and their
natural gas consumption and energy utilization ratio were analysed. A mathematical model was established for the heat and mass
transfer in unsaturated soil by employing conjugate heat transfer. The temperature of the soil and flue gas, and the concentration
of components in the soil and off-gas were simulated, which indicated the thermal behavior of the contaminated soil and the
timing for operation control. Models of burners were also developed under different energy-saving modes for energy analysis. By
comparing the basic method, adopting the off-gas burn-back mode obtained an energy-saving effect of 3.37%, which relied on the
content and calorific value of the pollutant in the off-gas. Under combustion air-preheating ratios of 0.5 and 1.0, natural gas could
only be saved by 13.56% and 18.88%, respectively. In general, the most effective energy-saving measure was the heat-returning
mode, by which 21.44% of natural gas could be saved when the reflux ratio of the flue gas was 0.5.

1. Introduction

In situ gas thermal remediation (ISGTR) is a type of remedia-
tion technology with a high heating temperature, thorough
remediation effect, short remediation period, and is suitable
for heavily organic contaminated soil [1–3]. However, high
energy consumption is the main factor that limits its popular-
ity. ISGTR can raise the soil temperature to 750 to 800°C [4, 5],
but the energy utilization rate is relatively low, which is gener-
ally 30% to 60% [6]. During the remediation process, ISGTR
ordinarily uses natural gas as an energy source. The heating
gas produced by the combustion of natural gas flows into the
heating wells, which are inserted vertically into the soil. After
the heating gas heats the soil, the flue gas with a large amount

of waste heat is discharged directly into the environment, and
the off-gas which contains organic pollutants is extracted from
the extraction well. The waste heat in flue gas has hardly been
recovered and recycled in current projects, which is a huge
waste from an energy-saving point of view. Meanwhile, reme-
diation projects often consume a lot of power sources to treat
the pollutants with a certain calorific value in the off-gas rather
than utilizing their heat of combustion, whichmeans the waste
of massive energy in the off-gas.

Many energy-saving strategies for ex situ thermal desorp-
tion have been studied and applied in recent years [7, 8]. Ma
et al. [9] reported that the addition of citric acid during
thermal treatment could shorten the remediation time. Marcet
et al. [10] found that microbial remediation coupled with
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thermal desorption technology could effectively reduce energy
consumption. However, at this stage, research related to
energy-saving methods for in situ thermal desorption is still
insufficient. Among the limited cases, Li et al. [2] summarized
three energy-saving methods: batch treatment, coupling with
in situ chemical oxidation, and installing a heat-tracing extrac-
tion pipeline. Li et al. [11] presented three energy-saving strat-
egies in ISGTR (variable-condition mode, heat-returning
mode, and air-preheating mode) and analysed their energy
efficiency based on the concentrated parameter model. Owing
to the high complexity of the ISGTR system, it is difficult and
uneconomical to study and evaluate energy-saving strategies
in practical engineering projects. Many changes during the
thermal desorption process, water and pollutant content in
the soil, or energy consumption, for example, cannot be
detected accurately in real time. Hence, it is essential to estab-
lish a reliable model to simulate the ISGTR system and the
heat and mass transfer of porous media in the soil, thereby
defining the employed mode and predicting the effect quanti-
tatively for energy-saving strategies.

Recycle of energy content in off-gas [2] and utilization of
waste heat in flue gas [11] are considered two categories of fea-
sible energy-saving methods for ISGTR. Off-gas containing a
large number of combustible pollutants is treated through
the off-gas treatment system, which increases the operating
cost and wastes the combustion heat of pollutants in the off-
gas. The off-gas burn-back mode is proposed to return the
off-gas to the burner, in which the chemical energy of organic
vapors in the off-gas is converted into thermal energy by burn-
ing. There are two methods for the utilization of waste heat
from flue gas. One is to return the heat from the flue gas to
the thermal desorption system. In other words, the flue gas
that is discharged directly into the atmosphere is returned to
the burner mixed with combustion air in a certain proportion.
The other is the air-preheating mode, which involves preheat-
ing the combustion air by using the residual heat exchange
through a preheater.

In this work, the effects of the off-gas burn-back mode, the
heat-returning mode, and the air-preheating mode were eval-
uated. Mathematical and physical models were established by
employing conjugate heat transfer to simulate the process of
heat and mass transfer in the soil, as well as the combustion
process in the burner. The temperature of the soil and flue
gas, and the component concentration in soil and off-gas
during the thermal desorption process were obtained, which
could provide valuable information for the application of
energy-saving strategies and operation control. The energy
analysis of the ISTGR system was performed based on the
combustion models of the burner under three energy-saving
strategies, in which the energy utilization ratio and the natural
gas consumption were compared.

2. Concept and Mathematical Models of ISGTR

2.1. Model of Heat and Mass Transfer. Soil is a typical mul-
ticomponent and multiphase porous medium. It consists of
many components, including pollutants, water, and soil,
and three phases: liquid, gas, and solid. Because of the high spe-
cific heat capacity and the latent heat of water, it consumes a lot

of energy to heat the soil with a high water content. Therefore,
in an actual ISGTR project, precipitation wells are used to
pump water out of the soil as much as possible to ensure that
the soil reaches an unsaturated state (filled with liquid and
gas in the pores), thereby reducing heat consumption.

Heat and mass transfer are the main processes in the soil
thermal remediation. In unsaturated soil, mass (pollutants
and water) is transferred under the influence of the concentra-
tion gradient and the pressure gradient. The main mecha-
nisms of heat transfer are heat conduction and convection.
For ISGTR, the conjugate heat transfer can be considered as
the heat transport between the fluid (heating gas) and the solid
(soil) during the heating process. The solid heat transfer is
mainly by conduction, and the fluid heat transfer is mainly
by convection. Meanwhile, there is heat conduction and heat
convection from soil particles and water, as well as the latent
heat that is absorbed by the evaporation of liquid water and
pollutants within the soil [12]. In other words, the energy pro-
vided by the heating gas is used for soil warming, evaporation,
and convection of the liquid phase. The changes in moisture
content, pollutant content, temperature in soil, temperature
of flue gas, and component concentration in off-gas could be
simulated using a continuous distributed parameter model
[13, 14] in this study.

The following assumptions were made in the model:

(1) The soil was homogeneous and its texture did not
change along with the heating well

(2) There was no chemical interaction, and the gas was
considered ideal

(3) The distribution of pollutants in the soil was uniform

(4) The pressure in soil was evenly distributed

(5) The solid, liquid, and gas phases were continuous in
the unsaturated soil

(6) The migration of liquid and gas, as well as water and
pollutant, did not affect each other

2.1.1. Governing Equations of Mass Transfer in Unsaturated
Soil. The variable amount of liquid water in the soil is equal
to the difference between the amount of migration and the
amount of inside evaporation. The volume fraction of the liq-
uid in the soil θw is solved according to the following equation:

ρw
∂θw
∂t

= ∇ · ρwDw∇θwð Þ − _mwg, ð1Þ

where Dw (m2/s) is the diffusion coefficient of the liquid, _mwg
(kg/(m3·s)) is the evaporation rate of water, and ρw (kg/m3) is
the density of liquid water.

The evaporation rate of liquid water is related to the differ-
ence in pressure between the saturated vapor pressure of water
vapor in the soil and the vapor pressure of the upper air.
Evaporation ceases once the amount of liquid phase reaches
zero (fully evaporated) or if the local vapor pressure does not
exceed the headspace vapor pressure (no driving force for
evaporation).
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_mwg =
kevapρw p∗ − pg

� �

pg
  if θw > 0ð Þ,

_mwg = 0  if θw ≤ 0 or p∗ ≤ pg
� �

,

ð2Þ

where kevap (1/s) is the evaporation rate constant, p
∗(Pa) is the

saturated vapor pressure, and pg (Pa) is the top air vapor
pressure.

The saturated vapor pressure of water vapor, which is
related to temperature, can be calculated using the Antoine
equation [15]:

log10p∗ = A −
B

C + T
, ð3Þ

where A, B, and C are Antoine constants.
Water migrates in the soil due to capillary flow. Water

transport through the soil can be approximated as a diffusion
process. Therefore, when there is a gradient in the volume
fraction of water, the water migrates from the high volume
fraction region to the low region. The water diffusion coeffi-
cient Dw is calculated using the hydraulic conductivity Kw
and soil water potential ψ [16, 17].

Dw = Kw
∂ψ
∂θw

: ð4Þ

The migration process of pollutants is the same as that of
water, and the diffusion coefficient, evaporation rate constant,
residual saturation, and proportion constant are different. On
the basis of the results of mass transfer in soil, the concentra-
tion variation of water and pollutants in off-gas could be
obtained because of mass conservation.

2.1.2. Governing Equations of Heat Transfer. The heat trans-
fer process in the soil is mainly affected by thermal conduc-
tivity, heat capacity, and density of the soil. During the
thermal desorption process, as a result of the extraction of
water and pollutants, the contents of water, pollutants, and
gas in the soil are constantly changing. The evaporation of
water and pollutants causes a continuous change in the ther-
mal conductivity, heat capacity, and density of the soil. The
sum of three-phase volume fractions should be equal to one.
Therefore, the volume fraction of gas in the soil θv can be
calculated using the constant particle volume fraction of soil
θs, the variable volume fraction of water θw, and the variable
volume fraction of pollutant θp:

θv = 1 − θw − θs − θp: ð5Þ

The effective density ρeff , effective specific heat capacity

cp,eff , and effective thermal conductivity coefficient λeff of
soil can be calculated using the volume average method [18]:

ρeff = θwρw + θsρs + θvρv + θpρp,

cp,eff =
θwρwcp,w + θsρscp,s + θvρvcp,v + θpρpcp,p

ρeff
,

λeff = λdry +
θw + θp
1 − θs

λwet − λdry
� �

,

ð6Þ

where ρs, ρv, and ρp(kg/m
3) are the densities of the soil, soil

gas, and pollutant, respectively. cp,s, cp,w, cp,v, and cp,p (J/
(kg·K)) are the specific heat capacities of the soil, water, soil
gas, and pollutant, respectively. λdry (W/(m·K)) and λwet (W/
(m·K)) are the thermal conductivity coefficients of dry and
wet soil, respectively.

The governing equation for conjugate heat transfer in
ISGTR is as follows. According to the energy conservation
equation, the soil temperature Ts (

°C) and flue gas tempera-
ture Tg (°C) can be obtained by the governing equations.
The heat transfer in the soil satisfies Equation (7), and govern-
ing Equation (8) is used for the heat transfer of the heating gas:

ρeff cp,eff
∂Ts
∂t

= ∇ λeff∇Tsð Þ + ρwDw∇θwð Þcp,wTs

+ − _mwgΔHvap
� �

+ − _mpgΔHvapp
� �

,
ð7Þ

ρgCg
∂Tg
∂t

+ ρgCgu∇Tg = ∇ λg∇Tg
� �

, ð8Þ

where ΔHvapp (J/kg) is the latent heat of evaporation of the liq-
uid pollutant, _mpg (m

2/s) is the evaporation rate of liquid pol-
lutant, λg (W/(m·K)) is the thermal conductivity coefficient of
the heating gas fluid, ρg (kg/m

3) is the density of the heating
gas fluid, Cg (J/(kg·K)) is the heat capacity of the heating gas
fluid, and u (m/s) is the velocity of the heating gas fluid.

2.2. Model of Combustion Process in Burner. The heating gas
is produced by the combustion of natural gas and combus-
tion air in the burner. Figure 1 shows the gas flow in ISGTR
traditionally, which was named the basic method (BM) in
this paper. Excess air is usually introduced to ensure com-
plete combustion of natural gas [19]. The ratio of excess
air to the theoretical amount of air for natural gas combus-
tion is defined as the excess air coefficient α.

If natural gas is considered 100%methane (CH4), combus-
tion air is considered to consist of 78.79% nitrogen and 21.21%
oxygen. The combustion equation is obtained as follows:

CH4 + 2 1 + αð ÞO2 + 7:429 1 + αð ÞN2 ⟶ CO2 + 2H2O++7:429 1 + αð ÞN2 + 2αO2 +Q, ð9Þ
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where Q indicates the heat generated by combustion.
The heating gas produced by methane combustion is a

mixture of different gases. Assuming that all gases were ideal
gases in the study, the average specific heat of the heating gas
(Cg) could be calculated as follows:

Cg = CCO2
∙W CO2

+ CH2O∙W H2O + CN2
∙W N2

+ CO2
∙W O2

,
ð10Þ

where the proportions of each gas W CO2
, W H2O, W N2

, W O2
can be obtained according to the combustion equation. The
molar specific heat of the components in the heating gas can
be obtained from the literature [19]. Thus, Equation (10) is
transformed into Equation (11):

Cg = A + B · t ′ + t0
� �

, ð11Þ

where t0 and t ′ are the gas centigrade temperature before
combustion and the centigrade temperature of the heating
gas, respectively. A and B are ð403:338 + 273:068αÞ/ð10:429
+ 9:429αÞ and ð0:0254434α + 0:0404134Þ/ð10:429 + 9:429αÞ.

According to the law of energy conservation, the combus-
tion heat of methane is used to heat the combustion products
and vaporize the water. Furthermore, the combustion
efficiency ξ was introduced (usually set as 0.8), and t0 was
assumed to be 0 here because t0 is usually extremely low
[20]. Thus, the mathematical model of the burner is as follows:

GNmolBMξqN = Ggmol At ′ + Bt ′2 +W H2O · γH2O

� �
, ð12Þ

where GNmolBM is the molar flow of natural gas in the BM
system, Ggmol is the molar flow of heating gas, W H2O is the
water content of the heating gas, γH2O is the latent heat of
water, and qN is the low calorific value of methane combustion
[21]. And according to Equation (9), the relationship between
natural gas and heating gas is as follows:

GNmolBM = 1
10:429 + 9:429αGgmol: ð13Þ

Equation (13),A, and B are substituted into Equation (12);
the relationship between the excess air coefficient and the tem-
perature of the heating gas is as follows:

α =
ξqN − 2 · γH2O − 403:338t ′ − 0:0404134t ′2

273:068t ′ + 0:0254434t ′2
: ð14Þ

2.3. Physical Model of Heating Unit.Contaminated soil remedi-
ation projects generally take up a large area with many heating
wells. Based on a specific remediation project, a typical cylin-
drical soil unit with a heating well was taken as the research
object. The two-dimensional axisymmetric geometric model
of the heating unit established via COMSOL Multiphysics®
5.4 software is shown in Figure 2. COMSOL software is com-
monly used for multiphysical field coupling simulation, which
could simulate the real physical phenomena based on finite
element analysis. The physical model contained soil, a heating
well, and an insulation layer. The depth and radius of the soil
unit were 1.6m and 1.1m. An insulation layer of 0.4m thick-
ness was set to inhibit the emission of pollutants from the sur-
face and the dissipation of heat on the surface. In this model,
the soil was assumed to contain toluene with a volume fraction
of 6%. A vacuum effect (3000Pa) was required to extract water
vapor and pollutant vapor from the soil. The heating gas
temperature was set at 800°C, and the molar flow was stable
and equal to the off-gas flow. The values of the input parame-
ters for the physical model are listed in Table S1 in the
Supplementary Materials, thus performing a numerical
analysis based on the governing equations of heat and mass
transfer. The most unfavorable point under heating at the
outermost bottom of the soil in the physical model is selected
to simulate the variation of substances and temperature in the
soil at the boundary.

3. Models and Evaluation Methods for Energy-
Saving Strategies

The gas flow under the three energy-saving strategies, as
shown in Figure 3, was different from that of the BM system.
To compare the effects of the different strategies, many cases
were designed as follows:

(i) Case OB was applied for the off-gas burn-back
mode. The off-gas recycling ratio (c) was adjusted
according to the pollutant and water volume frac-
tion of the off-gas. The molar flow of air (n), which
took place in the excess air coefficient α here, was
introduced to stabilize the flue gas flow and
temperature

Natural gas

BurnerAir

off-gas

Heating well
Flue gas

Off-gas treatment
system

Environment

EnvironmentExtraction
well

Heating gasα

Figure 1: Flow diagram of gas in BM system.
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(ii) Three cases, Cases 3.1, 3.2, and 3.3, were designed
for the energy-saving strategy of the heat-returning
mode; the reflux ratios of the flue gas β were 0.1,
0.3, and 0.5, respectively

(iii) There are two cases, Cases 4.1 and 4.2, which were
designed for the air-preheating mode. The preheating
ratios of combustion air were 0.5 and 1.0, respectively

The reflux ratio and preheating ratio were selected in
consideration of full energy utilization and ensuring the
complete combustion of natural gas. In different energy-
saving strategies, the flow of combustion air and natural
gas was adjusted in real time according to the temperature
of the flue gas and pollutant and the water volume fraction
of the off-gas to maintain the temperature (800°C) and the
flow of the heating gas. Because of the slight variation in
the value of the average specific heat of the heating gas in
the combustion process, it was assumed that Cg was stable
and constant in three energy-saving modes.

3.1. Model of Off-Gas Burn-Back Mode. In the off-gas burn-
back mode, there is also exothermic combustion of the pollut-
ant (toluene) in addition to the combustion of natural gas in
the burner. The equation for toluene combustion is as follows.

C7H8 + 9O2 + 33:429N2 ⟶ 7CO2 + 4H2O + 33:429N2:

ð15Þ

To maintain the temperature and flow of the heating gas,
natural gas and air need to be introduced at the right time,
and the recycling ratio of off-gas needs to be adjusted in real
time according to the toluene concentration in the off-gas.
When the volume fraction of toluene in the off-gas is relatively
small, there is much excess air in the off-gas. The gas temper-
ature of toluene combustion could not reach the set tempera-
ture of the heating gas; therefore, it is necessary to introduce
natural gas. Thus, the energy conservation equation for the
off-gas burn-back mode is as follows:

GNmolOBξqN +GBNmolξqBN =Ggmol Cgt ′ +W H2O OB · γH2O

� �
,

ð16Þ

where GNmolOB is the molar flow of natural gas in this mode,
GBNmol is the molar flow of toluene, qBN is the low calorific
value of combustion of toluene, and W H2O OB is the moisture
content in the off-gas.

In this study, the molar flow of the off-gas was assumed
to be equal to the heating gas flow. Hence, as the recycle
ratio of the off-gas is c, the molar flow of toluene is calcu-
lated using Equation (17):

GBNmol =Ggmolcθg,p, ð17Þ

where θg,p is the volume fraction of toluene in the off-gas,
which can be calculated from the change in the volume
fraction of toluene in the soil.

W H2O OB can be obtained from the combustion equation
of toluene and natural gas:

W H2O OB =
2GNmolOB
Ggmol

+ 4cθg,p: ð18Þ

In this situation, according to the equation of combus-
tion of natural gas and toluene, the molar flow of natural
gas is as follows:

GNmolOB =
1 − c 1 + θg,p

� �
10:429 Ggmol: ð19Þ

When the volume fraction of toluene in the off-gas reaches
a certain level, the gas temperature from toluene combustion is
higher than the target temperature. Extra air needs to be intro-
duced to maintain the temperature of the heating gas, while the
natural gas could be absent. The energy conservation under the
circumstance is as follows:

GBNmolξqBN = Ggmol Cgt ′ +W H2O OB · γH2O

� �
: ð20Þ

And W H2O OB is only from the combustion of toluene.

W H2O OB = 4cθg,p: ð21Þ

Due to the stable flow of the heating gas, the molar flow of
the introduced air is as follows:

Heating well

Insulation

0.4m

1.6m

Soil
1m

Figure 2: Two-dimensional axisymmetric geometric model of
heating unit for simulation.
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n =Ggmol 1 − c − cθg,p
� �

: ð22Þ

According to the above equations, it can be calculated that
when the volume fraction of toluene in the off-gas reaches
1.01%, the recycle ratio of the off-gas reaches the maximum
(0.99), which can maintain a stable heating gas. With the
continued increase in the volume fraction of toluene in the
off-gas, it is supposed to reduce the recycle ratio of off-gas
and add more air.

3.2. Model of Heat-Returning Mode. When the energy-saving
strategy of the heat-returning mode is adopted, there is no
new energy, and the combustion equation remains unchanged.
The energy conservation equation is as follows:

GNmolHRξqN + βGgmolCgTg =Ggmol Cgt ′ +W H2O HR · γH2O

� �
,

ð23Þ

where GNmolHR is the molar flow of natural gas in this mode, β
and Tg are the reflux ratio and temperature of the flue gas,
respectively, andW H2O HR is the moisture content from natu-
ral gas combustion.

W H2O HR =
2 1 − βð Þ

10:429 + 9:429α : ð24Þ

Meanwhile, the ratio of natural gas to flue gas conforms to
the combustion equation.

GNmolHR =
1 − β

10:429 + 9:429αGgmol: ð25Þ

Thus, the consumption of natural gas could be calculated
through the above equations.

3.3. Model of Air-Preheating Mode. This is similar to the
heat-returning mode, where there is no change in the com-
bustion reaction under the energy-saving strategy of air pre-
heating. However, energy consumption changes when the
air-preheating mode is adopted compared to the basic
method. It was assumed that the heat exchange efficiency
of the preheater was 100%, and the parallel-flow heat
exchange reached its limit. After preheating, the temperature
of the preheated air tpa satisfies the energy conversation
equation below:

GairCair · tpa − t0
� �

=GgmolCg · Tg − tpa
� �

, ð26Þ

Natural gas

Burner

Off-gas

Heating gas
Heating well Environment

Extraction
well

Flue gas

C

n
Air

(a)

Natural gas

Burner
Heating gas

Heating well EnvironmentFlue gas

Flue gas

α

β

Air

(b)

Natural gas

BurnerAir Heating gas Heating well EnvironmentPreheater Flue gas
α

𝛼1

(c)

Figure 3: Flow diagrams of gas in ISGTR system in three energy-saving strategies: (a) off-gas burn-back mode; (b) heat-returning mode; (c)
air-preheating mode.
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where Gair is the molar flow of preheated air and Cair is the
molar specific heat of preheated air (29.145 J/(molK)).

The energy conservation for the burner could be
expressed by the following equation.

GNmolAPξqN + GairCairtpa =Ggmol Cgt ′ +W H2O AP · γH2O

� �
,

ð27Þ

where GNmolAP is the molar flow of natural gas andW H2O AP
is the moisture content of the off-gas in this mode.

Additionally, W H2O AP and GNmolAP could be calculated
according to the combustion reaction equation.

W H2O AP =
2

10:429 + 9:429α ,

GNmolAP =
1

10:429 + 9:429αGgmol:

ð28Þ

3.4. Evaluation Methods. Based on each burner model estab-
lished here, we determined the ratio of natural gas consump-
tion (relative natural gas consumption) between the energy-
saving strategy and the basic method. A comparison of nat-
ural gas consumption directly reflects the energy-saving
effect.

In addition, the energy utilization ratio is an important
performance indicator for energy analysis, and it is calcu-
lated by the energy that is ultimately used and the energy
that is input into the soil. The total input energy is equiva-
lent to the low calorific value of the natural gas consumed.
The energy utilization of the basic method can be obtained
using the following equation:

ηBM = qs
GNmolBMqNT

, ð29Þ

where qs is the energy that soil ultimately uses and T is the
specified heating duration, which is determined by the sim-
ulation result of the temperature change periods in the soil
in this study.

The energy used by the soil is equal to the energy
released from the temperature variation of the flue gas.
Defining ti ′′ is the temperature of the flue gas after heating
i hours, which is simulated by the governing equation of
heating transfer via COMSOL software. Thus, qs can be cal-
culated using the following equation.

qs =GgmolCg〠
T

i=1
ti ′′ − t ′

� �
: ð30Þ

Combining with Equation (12) in Section 2.2, when the
temperature of the heating gas remains constant, Equation
(29) can be rewritten as follows:

ηBM =
ξGgmolCg∑

T
i=1 ti ′′ − t ′
� �

TGgmol Cgt ′ +W H2O · γH2O

� � : ð31Þ

Furthermore, the energy utilization ratios of different
energy-saving strategies can be obtained.

ηOB = ηBM ·
Ð T
0GNmolBMdtÐ T
0GNmolOBdt

,

ηHR = ηBM ·
Ð T
0GNmolBMdtÐ T
0GNmolHRdt

,

ηAP = ηBM ·
Ð T
0GNmolBMdtÐ T
0GNmolAPdt

:

ð32Þ

4. Results and Discussion

4.1. Simulation Results of Heat and Mass Transfer in ISGTR
Model. The simulation results of the temperature variation
in the boundary soil and the flue gas during the assumed
heating time of 850 h are shown in Figure 4. The trend of
change in temperature in soil was consistent with that
reported by Smallwood [15]. Nevertheless, in his study, sim-
ilar results were simulated by adopting a model of electrical
thermal remediation, which was different from the conjugate
heat transfer model of ISGTR. The temperature rise curve of
the boundary soil could be divided into three stages, with
different stages lasting for different periods. In Stage I,
340 h was required for the temperature of the boundary soil
to rise from the initial temperature (20°C) to the boiling
point of water at a given partial pressure. Then, it remained
almost constant at the boiling point of water in Stage II for
195 h until the water was completely evaporated (initial
water content in the soil of 25%). Hence, the energy con-
sumption in Stages I and II is related to the moisture content
in the soil, which is the reason why the groundwater is sug-
gested to be pumped out before remediation in an actual
project. The last 315 h was Stage III, in which the tempera-
ture finally increased to 325°C. From the simulation results,
it took only approximately 5 h for the soil temperature
reaching the boiling point of toluene (target temperature)
from the end of Stage II. In an actual project, when the tem-
perature of the cooling point (the lowest temperature point
in the remediation area) reaches the target temperature,
the ISGTR system enters the heat preservation stage. How-
ever, in Figure 4, there was no plateau at the boiling point
of toluene due to the lower latent heat and lower concentra-
tion of toluene compared to water in the soil. It can also be
seen that the soil heating rate in Stage III was higher than
that in Stage I. This is because all the water in the soil evap-
orates in Stage II, resulting in a decrease in the specific heat
capacity of the soil, and less energy is required to raise the
soil temperature to the same level.

The variation in the temperature of the flue gas was dif-
ferent from that of the soil. It increased from 119°C to 374°C
in Stage I, 402°C in Stage II, and 515°C in Stage III. The tem-
perature difference between the heating gas (800°C) and soil
(20°C) was the largest at first, which ensured maximum heat
exchange. With an increase in soil temperature, the temper-
ature difference became smaller, which led to a decrease in
the efficiency of heating gas utilization and a gradual
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increase in the temperature of the flue gas. According to the
trend of flue gas temperature illustrated in Figure 4, it was
also proved that a large portion of heat was not used by
the soil and was exhausted directly. Thus, recycling flue gas
is feasible and necessary, which lowers the energy consump-
tion of the ISGTR.

The volume fraction change of toluene and water at the
boundary soil was simulated using the mass transfer model,
and the results are shown in Figure 5(a). The volume
fraction of water continuously decreased to 0 from the start
of heating until the end of Stage II. The water transfer relies
on the concentration gradient mainly in Stage I and then con-
tinues to vaporize in Stage II. However, there was no obvious
decline in the volume fraction of toluene in Stages I and II.
When the temperature reached its boiling point, the volume
fraction of toluene declined rapidly, which lasted for approxi-
mately 45h (from 540h to 585h). The vaporization periods of
water and toluene were different (195h vs. 45h) due to their
different latent heat of vaporization (2256kJ/kg vs. 360.70kJ/
kg) and their contents in the soil. From the simulation results,
the moment for the end of the remediation could be obtained,
that is 585h, when the volume fraction of toluene at the
boundary soil dropped to 0. The volume fraction of toluene
and water in the off-gas could also be calculated based on their
volume fraction in the soil, as shown in Figure 5(b). The vol-
ume fraction of water in the off-gas increased gradually at
the beginning and then became rapidly from 340h and to
the peak at 530h. In contrast, the volume fraction of toluene
in the off-gas was almost zero before 540h and then rose
rapidly. This indicates that the off-gas could be recycled only
during Stage III. Taking into account the end of the remedia-
tion, the subsequent energy analysis of energy-saving strategies
in Stage III was carried out only for the time corresponding to
the toluene vaporization period (45h).

4.2. Energy Analysis of Off-Gas Burn-Back Mode. The
energy-saving measure of off-gas burn-back is to return the
extracted off-gas into the burner to utilize the combustion
heat of pollutants in the off-gas. It is worth noting that the

volume fraction of organic vapors and water vapor in the off-
gas should be monitored in real time to select the optimal tim-
ing for off-gas recycling. Too much water vapor in the off-gas
increases heat loss and the risk of pipe clogging, while too little
organic vapor makes combustion difficult. Thus, when the con-
centration of organic vapor reaches the combustion condition
and the concentration of water vapor is relatively low, the off-
gas can be delivered to the burner. From Figure 5, after the
water volume fraction dropped to 0, the period from the tolu-
ene volume fraction started to increase significantly (approxi-
mately at 540h) to that decreased to 0 (approximately at
585h) was considered suitable for off-gas recycling.

In the off-gas burn-back mode, the flow of natural gas var-
ies with the toluene volume fraction in the off-gas. Figure 6(a)
shows the relative natural gas consumption change during the
process. The calorific value of toluene is higher than methane
(3905.0 kJ/(mol·K) vs. 802.65kJ/(mol·K)), so the natural gas
flow rate dropped by approximately 31.2% as soon as the
off-gas returned back to the burner. From 540h to 553h, the
toluene concentration in the off-gas increased rapidly, and
the natural gas consumption fell rapidly correspondingly.
Then, the volume fraction of toluene in the off-gas continued
to rise until 585h, and the required natural gas flow was
reduced to 0. At 585h, when all the toluene in the soil was
extracted, the natural gas flow returned to its original level.
After heating for 585h, 3.37% of the energy could be saved
using the energy-saving strategy of off-gas burn-back.

The results of the energy utilization ratio in the off-gas
burn-back mode and the basic method are shown in
Figure 6(b). The energy utilization ratios of the three stages
in Case BM were 45.31%, 38.14%, and 36.09%, respectively.
This decline in the energy utilization ratio is mostly due to
the falling temperature difference between the soil and the
heating gas. In Case OB, the off-gas was only recycled in
Stage III, and the energy utilization ratio of Stage III was
promoted to 87.80% and 51.71% higher than in Case BM.
In actual engineering projects, the pollutants in soil are not
single but mixtures of complex components in most cases
with a wide distillation range. This would increase the length
of time for off-gas burn-back and the recoverable combus-
tion heat of organic pollutants. Off-gas burn-back mode
can save energy in practical applications more significantly.
Moreover, the heating temperature would be too high if all
off-gas returns to the burner; thus, it is necessary to adjust
the reflux ratio of the off-gas to maintain the heating gas
temperature at the target temperature.

4.3. Energy Analysis of Heat-Returning Mode. For the
energy-saving strategy of the heat-returning mode, the reflux
ratios of flue gas in Cases 3.1, 3.2, and 3.3 were 0.1, 0.3, and
0.5, respectively. The change in the required natural gas flow
was calculated based on the change in the flue gas recycle
ratio and flue gas temperature obtained via the model of
the heating field.

Figure 7(a) shows that the energy utilization ratios of the
three cases were all higher than that of Case BM, and the
energy utilization ratio increased with an increase in the flue
gas reflux ratio. Regardless of the stage, Case 3.3 had the high-
est energy utilization ratio, which implies the most significant
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energy-saving effect. It can be concluded that in practical engi-
neering projects, the flue gas reflux ratio should be increased as
much as possible to improve energy utilization. The energy
utilization ratios of Cases 3.1, 3.2, and 3.3 increased by
3.22%, 11.27%, and 19.36% in Stage I and by 4.90%, 15.23%,
and 25.55% in Stage III, respectively. The greater improve-
ment obtained in Stage III results from the higher flue gas tem-
perature andmore recycled energy. Thus, it ismore effective to
apply the measure with a higher flue-gas reflux ratio in Stage
III. However, it should be noted that the oxygen concentration
may not meet the demand of complete combustion when the
reflux ratio is increased to a certain level. This situation occurs
mainly at the early stage of heat-returning mode because the
flue gas temperature is lower and the required natural gas flow
is relatively large to maintain the heating gas temperature.

Thus, in practice, it is advisable to reflux after the flue gas tem-
perature rises to a certain level.

Further comparison of the natural gas consumption
showed that the required natural gas consumption decreased
with heating time in each case (Figure 7(b)). The main
influencing factor was the flue gas temperature. The higher
the flue gas temperature is, the more energy is reused, and
the lower natural gas flow is required. An obvious difference
in natural gas consumption was also observed with three
reflux ratios of flue gas. The higher the flue gas reflux ratio
is, the lower the natural gas flow is required. After heating
for 585 h, natural gas could be saved by 4.09%, 12.76%,
and 21.44% in Cases 3.1, 3.2, and 3.3, respectively. In a sense,
the variation in the relative natural gas consumption in the
heat-returning mode is mirror-symmetric with that of the
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flue gas temperature, especially with a higher reflux ratio of
the flue gas.

4.4. Energy Analysis of Air-Preheating Mode. In the air-
preheating mode, the preheating ratios of combustion air
in Case 4.1 and Case 4.2 were 0.5 and 1.0, respectively. It
can be seen from Figure 8 that the trends of the energy uti-
lization ratio in the air-preheating mode are the same as
those in the basic method. The energy utilization ratios of

both Case 4.1 and Case 4.2 were higher than that of Case
BM, and the energy utilization ratio increased with the
increase in the preheating ratio. The promotion of the energy
utilization ratio is more significant in Stage III than in Stages I
and II, which is similar to the heat-returning mode. However,
it can be found that the energy utilization ratios of the air-
preheating mode were much lower than those obtained in
the heat-returningmode at each stage. Even when the preheat-
ing ratio of the combustion air was set to 1.0, which means
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that all the combustion air was preheated before entering into
the burner, and the energy utilization ratios increased by
10.40% in Stage III. This result is inferior to the effect of the
heat-returning mode with a reflux ratio of 0.5 (25.55%). This
is because part of the heat in the flue gas is exchanged with
the combustion air, while a large amount of heat cannot be
recovered during the preheating process. After heating for
585h, natural gas just could be saved by 13.56% and 18.88%
in Case 4.1 and Case 4.2, respectively. Among the three strat-
egies, the best energy-saving effect was obtained via the heat-
returning mode.

5. Conclusions

In this paper, three energy-saving strategies involving off-gas
burn-back, heat-returning, and air-preheating for in situ gas
thermal remediation were proposed, and their energy-saving
effects were discussed through energy analysis. According to
the simulation results of the mass and heat transfer model,
as well as the burner models, the increase in temperature
in the soil went through three stages: slow rising stage, pla-
teau for water evaporation stage, and rapid rising stage. It
took approximately 540 h to reach the target remediation
temperature, which is the boiling point of toluene (pollut-
ant) in our setting system. The time to the start of off-gas
recycling at 540 h can be obtained from the trends of compo-
nent concentration in soil and off-gas, as well as the terminal
of remediation at 585 h. In contrast to the basic method,
adopting the off-gas burn-back mode can effectively save
3.37% of natural gas consumption when the volume fraction
of toluene in soil was 6% and reduced the load of off-gas
subsequent treatment. Under combustion air-preheating
ratios of 0.5 and 1.0, natural gas can be saved by 13.56%
and 18.88%, respectively. Overall, the heat-returning mode

was the most effective method, and 21.44% of the natural
gas was saved when the reflux ratio was 0.5. The higher the
reflux ratio is, the better is the energy-saving effect. This
study provided a modeling method for ISGTR system, which
could obtain the continuous change of multiple parameters
and avoid the difficulty of conducting tests through actual
engineering. In addition, the results under different process
conditions can offer a comprehensive reference for screening
and applying energy-saving measures in actual projects.
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