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Abstract: The environmental safety of soil has become a severe problem in China with the boost of
industrialization. Polluted-soil thermal remediation is a kind of suitable remediation technology for
large-scale heavily contaminated industrial soil, with the advantages of being usable in off-grid areas
and with a high fuel to energy conversion rate. Research on energy-saving strategies is beneficial
for resource utilization. Focused on energy saving and efficiency promotion of polluted-soil in situ
thermal remediation system, this paper presents three energy-saving strategies: Variable-condition
mode (VCM), heat-returning mode (HRM) and air-preheating mode (APM). The energy analysis based
on the first law of thermodynamics and exergy analysis based on the second law of thermodynamics
are completed. By comparing the results, the most effective part of the energy-saving strategy for
variable-condition mode is that high savings in the amount of natural gas (NG) used can be achieved,
from 0.1124 to 0.0299 kg·s−1 in the first stage. Energy-saving strategies for heat-returning mode and
air-preheating mode have higher utilization ratios than the basic method (BM) for the reason they
make full use of waste heat. As a whole, a combination of energy-saving strategies can improve the
fuel savings and energy efficiency at the same time.

Keywords: contaminated soil; polluted soil; thermal desorption; thermal remediation; energy analysis
and exergy analysis; energy saving

1. Introduction

Soil is the basic environmental element constituting the ecosystem, and the important material
basis of human survival and development. The environmental safety of soil has become a severe
problem in China with the boost of industrialization and urbanization. It was calculated that the
amount of contaminated soil reached about 150 million mu up to 2012 [1]. Recent estimates indicate
that 500,000 sites in Europe require cleanup, while nearly 3.5 million sites are potentially polluted [2].
Including heavy metals, soil contamination caused by so many contaminants is an urgent problem.
It can be seen from the bulletin on Chinese domestic environmental conditions for the year 2000 that
the heavy metals in 36,000 hectares of soil were out of limits in the surveyed 0.3 million hectares of
soil and the over standard rate reached 12.1% of the total [3]. The prevention of contaminated soil
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is not only needed to control the sources such as heavy metals, but also enhance the remediation of
contaminated soil [4]. In the last 30 years since 2013, more than 80,000 sites have been cleaned up in
the European countries where data on remediation are available [5].

In situ thermal remediation is a kind of suitable remediation technology for heavily contaminated
soil [6,7]. Thermal desorption removes pollutants from soil and other materials by using heat to
change the chemicals into gases and speed up the cleanup of many pollutants from the ground [8–10].
All the soil contamination remediation mechanisms have their advantages and limitations. Moreover,
they are contaminant specific and heavily dependent on the subsurface environmental conditions
of the site [11]. In situ thermal remediation remedies contaminated soil on the contaminated site
without excavation. Compared with ex situ thermal desorption (ESTD), it has the advantages of low
investment and little impact on the surrounding environment, so it is a hotspot of soil remediation
research [12–14]. In situ thermal remediation is a soil remediation process in which heat and vacuum
are applied simultaneously to subsurface soils [15]. Volatile and semi-volatile organics are removed
from contaminated soil in thermal desorbers at 100 to 300 ◦C for low temperature thermal desorption,
or at 300 to 550 ◦C for high-temperature thermal desorption [16]. In the past decade, it has been applied
at a number of sites and it has been used in various modes including surface heating with blankets,
subsurface heating with an array of vertical heater/vacuum wells, and ex situ blankets [15]. During the
remediation process, gases at high temperature (700–800 ◦C), coming from the combustion chamber,
circulate within the heating elements, resulting in the heating of the soil and the evaporation of volatile
pollutants (boiling point < 550 ◦C) contained in the soil [17]. Laboratory treatability studies and field
project experience have confirmed that the combination of high temperature and long-time results in
extremely high overall removal efficiency, even for high boiling point contaminants. Both thermal
wells and thermal blankets have been demonstrated to be highly effective in removing a wide variety
of low and high boiling point hydrocarbons, PCBs, pesticides, and chlorinated solvents from soils [15].
Shallow soil contamination (less than three feet deep) may be treated by thermal blankets or horizontal
wells [11,18]. For soil contamination at depths greater than 3 feet, heating with surface blankets is
ineffective and thermal wells are needed to attain high temperatures in the soil [15].

Figure 1 presents a general description of a traditional in situ thermal remediation system, that is
a polluted-soil thermal remediation system including burner, pipe, well and soil. As Figure 1a shows,
natural gas (NG) and air enter the burner through different inlets and an air-NG mixture is delivered
to the burner, in which chemical energy of natural gas (NG) is converted to thermal energy in the
exhaust gas by burning. The high temperature exhaust gas produced by the burner flows through the
pipe into the heating well inserted vertically in the soil. The well is the heat transfer component of the
whole system, in which the high temperature exhaust gas flows transferring heat to the soil to raise the
soil temperature through the walls of the well. The volatile pollutants contained in the soil will then
evaporate. As shown in Figure 1b, the gas flows directly in the system and is eventually discharged
into the environment without recovery or recycling. In such a flow, the energy in the flowing gas is
used only once to heat the soil. From the point of view of energy utilization, this is undoubtedly a
huge waste.

At present, there are many studies on soil contamination, mainly about remediation methods, such
as thermal desorption, chemical oxidation, phytoremediation etc. [19–25], assessment of contaminated
soil [26], the process of soil contamination [27], areas for contaminated soil remediation, etc. [28].
However, few studies have focused on the energy saving and efficiency promotion of thermal desorption
using natural gas (NG). Thus, it is very significant to analyze the energy loss and energy utilization
ratio of the polluted-soil thermal remediation system. The 2008 gas flaring estimate of 139 billion cubic
meters represents 21% of the natural gas consumption of the USA with a potential retail market value of
$68 billion and the 2008 flaring added more than 278 million metric tons of carbon dioxide equivalents
(CO2e) into the atmosphere. That is to say, improved utilization of the gas is key to reducing global
carbon emissions to the atmosphere [29].
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Figure 1. System diagram of polluted-soil thermal remediation system: (a) Structure diagram of 
polluted-soil thermal remediation system including burner, pipe, well and soil; (b) flowchart of air 
distribution in polluted-soil thermal remediation system. 
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Figure 1. System diagram of polluted-soil thermal remediation system: (a) Structure diagram of
polluted-soil thermal remediation system including burner, pipe, well and soil; (b) flowchart of air
distribution in polluted-soil thermal remediation system.

Energy plays an important role in the history of human development [30]. In recent decades
economic growth and increased human wellbeing around the globe have come at the cost of fast
growing natural resource use (including materials and energy) and carbon emissions, leading to
converging pressures of declining resource security, rising and increasingly volatile natural resource
prices, and climate change [31]. Emissions of carbon dioxide from the combustion of fossil fuels,
which may contribute to long-term climate change [32]. In recent decades, China has encountered
serious environmental problem [33]. Some heavy industries and manufacturing enterprises are still
characterized by extensive growth, facing enormous environmental challenges due to global climate
change, rapid exhaustion of various non-renewable resources, and must improve their energy-save
and emission-abate technology to favor the sustainable development [34–36]. Policies should aim to
increase the efficiency of energy use [37].

In the energy system, energy analysis based on the first law of thermodynamics and exergy
analysis based on the second law of thermodynamics are commonly used. The energy analysis
is focused on the quantity of energy and the exergy analysis is focused on the quality of energy.
Numerous studies have used these methods, such as the novel combined cooling, heating, and power
(CCHP) system [38,39], ground source heat pumps [40], and exhaust waste heat recovery systems [41]
and so on.

In the traditional polluted-soil thermal remediation system, the constant high temperature of
exhaust is used to heat the soil with changing temperature and the exhaust is discharged directly
into the atmosphere, which is disadvantageous for saving energy. Therefore, this paper is aimed
at improving the existing problems in the traditional system, and so three energy-saving strategies
were researched.

This paper proposes three energy-saving strategies of polluted-soil thermal remediation
system—variable-condition mode (VCM), heat-returning mode and air-preheating mode—and
their thermal performance and efficiency are discussed by energy analysis and exergy analysis.
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The mathematic models of a polluted-soil thermal remediation system including burner, pipe, well and
soil for energy and exergy analysis are built based on thermodynamics, heat transfer and fluid
mechanics. Keeping the energy (exergy) at the inlet to the system constant, and various energy (exergy)
losses and energy (exergy) utilization ratios at different stages are calculated. The results are graphically
formed to compare the energy-saving strategies with the basic method (BM) and to find where the
specific embodiment of energy savings is.

2. Idea of Energy-Saving Strategies of Polluted-Soil Thermal Remediation System

The three energy-saving strategies are presented to improve on traditional systems as shown
in Figure 1, and the environment is the same in the research except for the system. The area of soil
researched in the paper is 3 meters long, 3 meters wide and 6 meters deep. The following Sections 2.1–2.3
introduce the three energy-saving strategies, respectively.

2.1. Description of Energy-Saving Strategy for Variable-Condition Mode

Energy-saving strategy for variable-condition mode (VCM) involves different exhaust gas
temperatures used at different stages. The process of polluted-soil thermal remediation is divided
into three stages lasting for 15, 20 and 10 days, respectively, in the study. In the first stage, the soil
temperature rises from the initial temperature to the boiling point of water, and the soil moisture
content is the initial moisture content. The second stage is the evaporation stage of water in the soil,
and the soil keeps the temperature of boiling point of water unchanged. The third stage is to heat
dry soil without water to increase the soil temperature to the final temperature. Therefore, the soil
temperature is different as well as the soil heating requirements in the three stages, but in the basic
method (BM) in use, the exhaust gas temperature at each stage of heating the soil is constant, that is,
as shown in Figure 2, the constant high temperature of exhaust used to heat the soil with changing
temperature, which is disadvantageous for saving energy. To solve the problem, variable-condition
mode (VCM) is necessary, that is, different exhaust gas temperatures are used at different stages.
In modeling and analysis, the most direct reflection is that the temperature inside the burner to the
temperature outside the heating well are all different at three stages. The contrastive temperature
configurations of variable-condition mode (VCM) and the basis method (BM) are presented in Table 1.
In the variable-condition mode (VCM), the airflow circulation in polluted-soil thermal remediation
system is the same as that in the basis method (BM), as shown in Figure 1b.Energies 2019, 12, x  5 of 29 
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Table 1. Temperature configurations of VCM (variable-condition mode) and BM (basis method).

Strategy Stage tb (◦C) tb,out (◦C) tw,in (◦C) twout (◦C) ts (◦C) ts,e (◦C)

BM
I 950 700 600 450 50 30
II 950 700 600 450 100 80
III 950 700 600 450 250 200

VCM
I 750 500 450 200 50 30
II 800 550 500 300 100 80
III 1050 800 750 600 250 200

Based on data from engineering practice and a preliminary estimate of the combustion process,
the temperature of soil and the temperature in burner in different stage are set in Table 1. The outlet
gas temperature of the heating well tw,out is 450 ◦C in BM, which is also a temperature often used in
engineering practice. In VCM tw,out is the main way to achieve variable conditions to save energy,
and it is set by the authors for the case.

2.2. Description of Energy-Saving Strategy for Heat-Returning Mode

The energy-saving strategy for heat-returning mode is returning the heat contained in the exhaust
to the polluted-soil thermal remediation system again. In the basic method (BM), the exhaust containing
a considerable amount of heat is discharged directly into the atmosphere and that is a great waste.
To solve the problem, heat-returning mode is necessary, that is, the exhaust from the outlet of the
heating well directly discharged to the environment is returned to the burner as the air in a certain
proportion, and three schemes are made according to the different proportion of return gas. The rate of
return gas is the rate of heat return β. The return air enters the burner from air inlet 2, and the amount
of air required for combustion to remove this part is the amount of normal air required from air inlet.
The airflow circulation of energy-saving strategy for heat-returning mode in polluted-soil thermal
remediation system is different from that in the basis method (BM), as shown in Figure 3b.
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2.3. Description of Energy-Saving Strategy for Air-Preheating Mode

The energy-saving strategy for air-preheating mode is to use the residual heat of the system
to –preheat the air entering the burner for combustion. In the basic method (BM), heat from
high-temperature parts directly exposed to the environment in the system is wasted and the residual
heat can be used up. To solve the problem, preheaters for air-preheating mode are set. As shown in
Figure 4, the air to be introduced into the burner is divided into three parts: The first part passes through
preheater 1 between the burner and the inlet of heating well, the second part passes through preheater
2 at the outlet pipe of the heating well, and the third part enters the burner directly. Three schemes are
designed according to different preheating ratio to different preheaters. The preheating ratio of air
through preheater 1 is α1, preheating ratio of air through preheater 2 is α2 and the ratio of air that does
not pass through the preheater directly into the burner is α3. The airflow circulation of energy-saving
strategy for air-preheating mode in polluted-soil thermal remediation system is different from that in
the basis method (BM), as shown in Figure 4b.
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thermal remediation system using the energy-saving strategy for air-preheating mode.
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3. Mathematic Models and Parameters Calculation Process

Mathematical models of the polluted-soil thermal remediation system established in this section are
used to support the thermal performance analysis of energy-saving strategies. The thermal performance
analysis includes an energy analysis based on the first law of thermodynamics and an exergy analysis
based on the second law of thermodynamics, so the models are divided into two parts: Section 3.2
presents the energy analysis model and Section 3.3 the exergy analysis model. Energy utilization
ratio and exergy utilization ratio, as the key parameters to evaluate the energy-saving strategies,
are calculated at the end of the models in Sections 3.2.5 and 3.3.5. Before the specific model, the balance
equation is indispensable. The following assumptions are made in the energy and exergy analysis:

(a) The soil is homogeneous and values of physical parameters of the soil remain unchanged in the
heat transfer process at the same stage;

(b) The flow of fluid in porous media is called seepage, and the influence of seepage in soil, that is,
water migration, was ignored;

(c) The influence of surface temperature fluctuation and depth of buried pipe on soil temperature
was ignored, and the soil temperature was considered uniform in the initial stage.

The basic mathematical models in the energy-saving strategies are the same as the basic method
(BM), except that the energy and exergy of the air entering the burner are different. In the calculation,
paying attention to these parameters is the crucial key of the research. The process of parameters
calculation is in the Section 3.4. The value of physical parameters used in the models is shown in
Table A1.

3.1. Balance Models

The balance models are based on energy loss and exergy loss of each component in the process of
energy flow and exergy flow. Figure 5 shows the energy loss of each component of the polluted-soil
thermal remediation system. At the beginning of the energy flow throughout the system, the natural
gas (NG) and air carry energy through their respective pipes into the burner. When the gas flows
through the pipeline, there are throttling and friction process in the flow, which cause an energy loss.
Throttling is a local flow loss, while friction is a path loss of flow. In reality, as long as there is flow in the
pipeline, there will be flow loss, and as long as there is a pipe with fluid exposed to the environment,
there will be heat leakage loss.

In the burner, incomplete combustion caused by inadequate mixes of fuel and air or the low
temperature in the combustor cause energy losses. There are also heat leakage, air leakage and flow
loss in the burner. After the energy loss is removed, the remaining energy flows out of the burner and
through the pipe into the heating well. There are heat leakage and flow loss in the pipe. Local flow
loss exists in the heating well because of the bent pipe. Part of the energy flowing to the heating well is
transferred to the soil, heating it. The remaining energy is discharged directly to the environment by
the outlet of the heating well through high-temperature exhaust gas, resulting in the maximal energy
loss of the whole system. In addition to heating up the soil, the energy in the soil will also lose heat to
the surrounding non-heating soil zone and to the air through the surface insulation layer.

Figure 6 shows the exergy loss of each component of the polluted-soil thermal remediation
system. Energy loss is accompanied by exergy loss, so all of the energy loss described above has the
consequent loss of exergy, including incomplete combustion, heat leakage, flow leakage and so on.
Besides, Irreversible combustion, heat transfer, non-isothermal heat release and non-isothermal heat
absorption also cause the exergy loss. Consequently, the energy and exergy balance of each component
are modeled as shown in Sections 3.1.1 and 3.1.2, respectively.
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Figure 6. The locations of exergy loss of components of polluted-soil thermal remediation system.

3.1.1. Energy Balance Models

Based on the balance of energy principle and energy loss of each component described in Figure 5,
the energy balance equation is established as follows. Equations (1)–(4) are the energy balance models
of the burner, pipe, well and soil separately:

Qar,net + Qair = Qb,to,p + Qb,inc + Qb,l + Qb, f (1)

Qp,in = Qb,to,p = Qp,to,w + Qp,l + Qp, f (2)
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Qw,in = Qp,to,w = Qw,to,s + Qw,out + Qw,l + Qw, f (3)

Qs,in = Qw,to,s = Qs,a + Qs,l (4)

3.1.2. Exergy Balance Models

The exergy balance models is similar to the energy balance model, based on the balance of exergy
principle and exergy loss of each component described in Figure 6. Equations (5)–(8) are the exergy
balance models of the burner, pipe, well and soil, respectively:

Er + Eair = Eb,to,p + Eb,irr + Eb,inc + Eb,l + Eb, f (5)

Ep,in = Eb,to,p = Ep,to,w + Ep,l + Ep, f (6)

Ew,in = Ep,to,w = Ew,to,s + Ex,Q + Ex,Q1 + Ew,out + Ew,l + Ew, f (7)

Es,in = Ew,to,s = Es,a + Ex,Q2 + Es,l (8)

3.2. Energy Analysis Model

One kilogram of natural gas (NG) is the total energy source of the system in the research and the
study about the energy flow and the energy loss is started with the energy of one kilogram of natural
gas (NG). The mass flow rates used in modeling is calculated in Appendix B (a). The convective heat
transfer coefficient used in heat leakage modeling is calculated in Appendix B (b). The Reynolds
number used in coefficient of path energy loss modeling is calculated in Appendix B (b) as well.
The length of each component used in path energy loss modeling is shown in Figure 1 and the value of
them is presented in Table A1. The specific energy analysis models of four components are as follows.

3.2.1. Burner

(a) Qar,net is the lower calorific value of natural gas (NG), according to the value of the Utility
Boiler Manual [42]:

Qar,net = 50200kJ (9)

(b) Qair is the energy of air and the value is approximately zero:

Qair = 0 (10)

(c) Energy loss of incomplete combustion is the product of incomplete combustion coefficient ε
and the lower calorific value of natural gas (NG) Qar,net. In the calculation, the value of incomplete
combustion coefficient ε is 0.3:

Qb,inc = εQar,net (11)

(d) The calculation of energy loss of heat leakage of burner is abstracted as a mathematical model
of the heat transfer process of a cylinder tube with gas flowing in air, so are the energy loss of heat
leakage of pipe and the extended part of well, as shown in Figure 5. The calculation of heat leakage
energy is based on Fourier’s Law and Newton’s Law of Cooling of heat transfer theory:

Qb,l =
2π(t f ,b − t0)Lb

2
hb,1db,1

+ 1
λb

ln
db,2
db,1

+ 2
hb,2db,2

×
1

GNG
× 10−3 (12)

Qp,l =
2π(t f ,p − t0)Lp

2
hp,1dp,1

+ 1
λp

ln
dp,2
dp,1

+ 2
hp,2dp,2

×
1

GNG
× 10−3 (13)
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Qw,l =
2π(t f ,w − t0)Lo

2
hw,1dw,1

+ 1
λw

ln dw,2
dw,1

+ 2
hw,2dw,2

×
1

GNG
× 10−3 (14)

The influence of air leaks is ignored. The convective heat transfer coefficient is different when
there’s wind and there’s no wind. So the calculation of the convective heat transfer coefficient outside
the tube is divided into forced convection and natural convection.

(e) Energy loss of flow Qb,f concludes path energy loss and local energy loss, the calculation is
based on the algorithm in fluid mechanics:

Qb, f = g(ςb
Lb

db,1

u2
b

2g
+ 2ξb

u2
b

2g
) ×

Ge

GNG
× 10−3 (15)

The flow velocity ub is calculated by mass flow rate and pipe diameter.
The flow in the tube is in the turbulent smooth zone in reality, so coefficient of path energy loss of

the burner is determined by Equation (16), the flow in pipe and well as well. Therefore, the calculation
equation of the coefficient of local energy loss of pipe and well will not be repeated below:

ςb =
0.3164

Re0.25
b

(16)

A right angle loss and a valve loss are considered for coefficient of local energy loss of the burner.
The coefficient of local energy loss of the limit value of a pipe section expansion is 1 and a valve opening
of 50% is 1.8. And the value of local loss coefficient is different for different components as show in
Figure 1:

ζb = 1 + 1.8 (17)

(f) Energy out of the burner Qb,to,p is solved by the conservation of energy equation. The calculation
of the energy out of the pipe, well and soil is similar, so the equation will not be repeated below:

Qb,to,p = Qar,net + Qair −Qb,inc −Qb,l −Qb, f (18)

3.2.2. Pipe

Energy loss of flow Qp, f includes path energy loss only:

Qp, f = gςp
Lp

dp,2

u2
p

2g
×

Ge

GNG
× 10−3 (19)

3.2.3. Well

(a) Energy of exhaust gas that flows from the outlet of the well to the environment:

Qw,out =
1

GNG
×Gecp,etw,out (20)

(b) Energy loss of flow Qw,f includes path energy loss and local energy loss:

Qw, f = g(ςw
Lw

dw,1

u2
w

2g
+ 2ζw

u2
w

2g
) ×

Ge

GNG
× 10−3 (21)

Coefficient of local energy loss of the well:

ξw = 2.993 + 0.985 (22)
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3.2.4. Soil

(a) Energy loss of heat leakage in soil Qs,l includes the energy loss to the soil Qs,l,s and to the air
Qs,l,a. The leakage of heat from the soil to the air is conducted through an insulating layer covering the
ground and the heat leakage to the surrounding soil is abstracted as heat transfer between two layers
of cylindrical surfaces of a hollow cylinder:

Qs,l = Qs,l,s + Qs,l,a

Qs,l,s =
2πλsLs(ts−ts,e)

ln rs,e
rs

×
1

GNG
× 10−3

Qs,l,a =
λilAil(ts−t0)

∆il ×
1

GNG
× 10−3

(23)

(b) Energy that the soil eventually use to heat up Qs,a:

Qs,a = Qs,in −Qs,l (24)

3.2.5. Energy Utilization Ratio

Energy utilization ratio as performance indicators of the energy analysis were calculated by the
energy that the soil ultimately uses and low calorific value of 1 km of NG:

ηen=
Qs,a

Qar,net
(25)

3.3. Exergy Analysis Model

One kilogram of natural gas (NG) is the total exergy source of the system and the study about
the exergy flow and the exergy loss is started with the exergy of one kilogram of natural gas (NG).
The temperature used in modeling is shown in Table 1 or calculated in Appendix B (c).

3.3.1. Burner

(a) Reactant (natural gas) exergy Er is calculated as follows: [43]

Er = 0.95Qga,v,ad (26)

(b) Eair is the exergy of air:
Eair = 0 (27)

(c) Exergy loss of irreversible combustion in the burner calculated by reactant exergy Er and
resultant exergy Ers [43]:  Eb,irr = Er − Ers

Ers = (Qar,net −Qar,netε)(1−
T0

Tb−T0
ln Tb

T0
)

(28)

(d) Exergy loss of incomplete combustion is energy loss of incomplete combustion according to
the definition of exergy:

Eb,inc = Qb,inc (29)

(e) Exergy loss of heat leakage is calculated by heat leakage energy and heat leakage temperature,
and the calculation of burner, pipe, well and soil is similar. The tube surface temperature Tb,w,o, Tp,w,o,
Tw,w,o are regarded as leakage temperature calculated in Appendix B (c). The heat leakage temperature
of soil is the soil temperature itself:

Eb,l = Qb,l(1−
T0

Tb,w,o
) (30)

Ep,l = Qp,l(1−
T0

Tp,w,o
) (31)
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Ew,l = Qw,l(1−
T0

Tw,w,o
) (32)

Es,l = Qs,l(1−
T0

Ts
) (33)

(f) Exergy loss of flow is energy loss of flow on account of the definition of exergy and the pipe as
well as well is calculated in the same way as the burner:

Eb, f = Qb, f (34)

Ep, f = Qp. f (35)

Ew, f = Qw, f (36)

(g) Exergy out of the burner Eb,to,p, is solved by the conservation of exergy equation. The calculation
of the exergy out of the pipe, well and soil is similar, so the equation will not be repeated below:

Eb,to,p = Er + Eair − Eb,irr − Eb,inc − Eb,l − Eb, f (37)

3.3.2. Pipe

This part of the calculation has been mentioned in Section 3.3.1.

3.3.3. Well

(a) Exergy loss due to heat transfer process Ex,Q:
Ex,Q = Ex,QH − Ex,QL

Ex,QH = (1− T0
TH

)Q1

Ex,QL = (1− T0
TL
)Q2

(38)

Ex,QH is the calorific exergy of Q1 at the temperature TH and Ex,QL is the calorific exergy of Q2 at
the temperature of TL. Q1 and Q2 are considered equal calculated in Appendix B(a), while the amount
of heat transferred in the heat transfer process varies in each stage. And the calculation of TH and TL

are in Appendix B (d).
(b) Exergy loss of non-isothermal heat release is caused by temperature change of exhaust gas

when flowing in the well:

Ex,Q1 = T0Gecp,wln
Tw,in

Tw,out
(39)

(c) Exergy of exhaust gas that flows from the outlet of the well to the environment is connected to
the energy and temperature of exhaust gas:

Ew,out = Qw,out(1−
T0

Tw,out − T0
ln

Tw,out

T0
) (40)

3.3.4. Soil

(a).Exergy loss of non-isothermal heat absorption Ex,Q2 is caused by temperature change of soil at
three stages: In the first stage, the soil temperature rises from the initial temperature (environment
temperature) T0 to the boiling point of water 373K. The soil keeps the temperature of 373K unchanged
in the second stage. The third stage is to heat soil to increase the soil temperature to final temperature Ts:

Ex,Q2,I = T0mscp,sln 373
T0

Ex,Q2,II = 0
Ex,Q2,III = T0mpscp,psln

Ts
373

(41)
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(b) Es,a is the exergy that the soil eventually uses to heat up:

Es,a = Es,in − Ex,Q2 − Es,l (42)

3.3.5. Exergy Utilization Ratio

Exergy utilization ratio as performance indicators of the exergy analysis were calculated by the
exergy that the soil ultimately uses and exergy value of 1 km of NG:

ηex=
Es,a

Er
(43)

3.4. Process of Parameters Calculation in the Models

As Figure 7 shows, the calculation process of parameters of energy analysis starts at the thermal
requirements and ends at the energy. The calculations of excess air coefficient α and mass flow rates Ge

and GNG are given in Appendix B (a). These three parameters are used to solve the time needed of
flowing 1 km natural gas (NG). The thermal flux has been modeled in Section 3.2. The calculation
process of parameters of exergy analysis is similar to that of energy analysis.

Energies 2019, 12, x  14 of 29 

 

needed of flowing 1 kilogram natural gas (NG). The thermal flux has been modeled in Section 3.2. 
The calculation process of parameters of exergy analysis is similar to that of energy analysis. 

 

 

Figure 7. The flowchart of the parameters calculation in energy analysis. 

4. Results and Discussions 

In order to compare the effects of energy-saving strategies, the cases shown in Table 2 are 
designed. The traditional polluted-soil thermal remediation system, also named basic method (BM), 
is the fundamental case, Case BM. Case VCM applied energy-saving strategy for variable-condition 
mode with different exhaust gas temperatures at different stages. Energy-saving strategy for heat-
returning mode is divided into 4 cases, among Case 3.1, Case 3.2 and Case 3.3, the difference is the 
rate of heat return. Case 3.4 combines variable-condition mode and heat-returning mode two energy-
saving strategies. Energy-saving strategy for air-preheating mode is also divided into 4 cases, the 
difference is preheating ratio of air in Case 4.1, Case 4.2 and Case 4.3. As a comprehensive strategy 
for energy saving like Case 3.4, Case 4.4 combines variable-condition mode and air-preheating mode. 

Next, the effect analysis of three energy-saving strategies is established in Section 4.1, Section 4.2 
and Section 4.3, respectively. In Section 4.4, a comprehensive analysis of the energy-saving strategies 
will be presented. 

Table 2. Cases set of basic method (BM) and energy-saving strategies 

Strategy Case Stage 
Rate of heat 
return β  

Preheating 

ratio of air 

1α , 2α , 3α  

1.Basic method (BM) Case BM Ι ΙΙ ΙΙΙ  0 1, 0, 0 

Energy-
saving 

strategies 

2.Variable-
condition mode 

(VCM) 
Case VCM 

Ι  0 1, 0, 0 
ΙΙ  0 1, 0, 0 
ΙΙΙ  0 1, 0, 0 

3.Heat-returning 
mode 

Case 3.1 Ι ΙΙ ΙΙΙ  0.1 1, 0, 0 
Case 3.2 Ι ΙΙ ΙΙΙ  0.2 1, 0, 0 
Case 3.3 Ι ΙΙ ΙΙΙ  0.3 1, 0, 0 

With 
VCM 

Case 3.4 
Ι  0.3 1, 0, 0 
ΙΙ  0.3 1, 0, 0 
ΙΙΙ  0.3 1, 0, 0 

4.Air-preheating 
mode 

Case 4.1 Ι ΙΙ ΙΙΙ  0 0.1, 0, 0.9 
Case 4.2 Ι ΙΙ ΙΙΙ  0 0.3, 0, 0.7 

Figure 7. The flowchart of the parameters calculation in energy analysis.

4. Results and Discussions

In order to compare the effects of energy-saving strategies, the cases shown in Table 2 are designed.
The traditional polluted-soil thermal remediation system, also named basic method (BM), is the
fundamental case, Case BM. Case VCM applied energy-saving strategy for variable-condition mode
with different exhaust gas temperatures at different stages. Energy-saving strategy for heat-returning
mode is divided into 4 cases, among Case 3.1, Case 3.2 and Case 3.3, the difference is the rate of
heat return. Case 3.4 combines variable-condition mode and heat-returning mode two energy-saving
strategies. Energy-saving strategy for air-preheating mode is also divided into 4 cases, the difference
is preheating ratio of air in Case 4.1, Case 4.2 and Case 4.3. As a comprehensive strategy for energy
saving like Case 3.4, Case 4.4 combines variable-condition mode and air-preheating mode.
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Table 2. Cases set of basic method (BM) and energy-saving strategies.

Strategy Case Stage Rate of Heat
Return β

Preheating Ratio of Air
α1, α2, α3

1.Basic method (BM) Case BM I II III 0 1, 0, 0

Energy-saving
strategies

2.Variable-condition
mode (VCM) Case VCM

I 0 1, 0, 0
II 0 1, 0, 0
III 0 1, 0, 0

3.Heat-returning mode

Case 3.1 I II III 0.1 1, 0, 0
Case 3.2 I II III 0.2 1, 0, 0
Case 3.3 I II III 0.3 1, 0, 0

With VCM Case 3.4
I 0.3 1, 0, 0
II 0.3 1, 0, 0
III 0.3 1, 0, 0

4.Air-preheating mode

Case 4.1 I II III 0 0.1, 0, 0.9
Case 4.2 I II III 0 0.3, 0, 0.7
Case 4.3 I II III 0 0.1, 0.1, 0.8

With VCM Case 4.4
I 0 0, 0.3, 0.7
II 0 0, 0.3, 0.7
III 0 0, 0.3, 0.7

Next, the effect analysis of three energy-saving strategies is established in Sections 4.1–4.3,
respectively. In Section 4.4, a comprehensive analysis of the energy-saving strategies will be presented.

4.1. Energy Analysis and Exergy Anlysis of Variable-Condition Mode

The most effective part of the variable-condition mode is that under the premise of the same
heating demand and heating time, high amounts of natural gas (NG) can be saved. Table 3 lists the
results of the mass flow rates of exhaust gas and NG, as well as the calculated excess air coefficient.
The number of mass flow rates in the first stage of variable-condition mode (VCM) is 0.0299 km per
second, much smaller than 0.1124 km per second of basis method (BM). The differences of mass flow
rates and excess air coefficient of basic method (BM) and variable-condition mode (VCM) result from
different temperatures of exhaust out of the well.

Table 3. Results of mass flow rates and excess air coefficient.

Strategy Stage Ge (kg/s) GNG (kg/s) α

BM I II III 0.1124 0.0025 1.5510

VCM
I 0.0299 0.000533 2.2470
II 0.1251 0.0024 1.9664
III 0.0837 0.0022 1.1549

Besides savings in the amount of natural gas (NG) usage, this paper is mainly focused on
improving the energetic and exergetic performance of the polluted-soil thermal remediation system
depending on energy-saving strategies. Energy utilization ratios and exergy utilization ratios, two of
the performance indicators of the analysis, were calculated as the important results of the mathematical
model. The energy utilization ratios and exergy utilization ratios of the BM and VCM varies from
different stages as well as different modes of heat convection. Detailed results of energy utilization
ratios and exergy utilization ratios are shown in Tables 4 and 5. Modes of heat convection affects
energy performance and exergy performance obviously. It can be observed that the energy utilization
ratio of forced convection each stage is 2.6% lower than that of free convection, and exergy utilization
ratio is 0.9% lower as well. It is because that the forced convection causes more loss of thermal leakage.
While the two exergy utilization ratios of VCM is identical. It is because that the thermal leakage
of forced convection is bigger, but the temperature of the outer wall of burner is lower. The larger
quantity of thermal leakage and the lower temperature of thermal leakage lead to the same exergy loss.
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Table 4. Energy utilization ratios of Case BM and Case VCM.

ηen
Forced Convection Free Convection

I (%) II (%) III (%) I (%) II (%) III (%)

BM 44.8 44.7 40.2 47.1 47 42.5
VCM 52.8 55.8 33.4 55.5 57.6 35.3

Table 5. Exergy utilization ratios of Case BM and Case VCM.

ηex
Forced Convection Free Convection

I (%) II (%) III (%) I (%) II (%) III (%)

BM 26 19.9 22.8 26.9 20.8 23.8
VCM 12.1 23.2 9.6 12.1 23.9 10.4

Next, we assessed the energy and exergy efficiency using two curves more intuitively, as indicated
in Figure 8. The utilization ratios’ values of forced convection and free convection are different
from the tables above, but the trend is the same, so the following analysis takes forced convection
as an example. The energy utilization ratios of forced convection of the three stages are plotted in
Figure 8a, while exergy utilization ratios of forced convection of the three stages are plotted in Figure 8b.
We combine the two curves of BM and VCM together to make our analysis simpler to understand.
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Figure 8. Energy utilization ratio and exergy utilization ratio comparisons of variable-condition mode
(VCM) and basic method (BM): (a) Energy utilization ratio comparisons of variable-condition mode
(VCM) and basic method (BM); (b) Exergy utilization ratio comparisons of variable-condition mode
(VCM) and basic method (BM).

Figure 8a shows that energy utilization ratios of stage I in BM is not so very different from that of
stage II. The lower temperature soil is heated by the higher temperature exhaust gas, which brings
higher energy utilization ratios, but in stage III, the energy utilization ratio decreases significantly for
maintaining the same temperature of exhaust gas, while the temperature of soil becomes higher and it
becomes difficult to heat the soil. In VCM, stage II is the stage guaranteed the best performance of the
whole heating process, as it maintains the highest values of the energy utilization ratio compared to
other stages. In VCM, the energy utilization ratios of stage I and stage II are better than that of the
same stage in BM, but stage III is worse because the temperature of exhaust gas in VCM is higher than
that in BM bringing more heat loss due to exhaust gas and lower energy utilization ratio.
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Figure 8b shows that the exergy utilization ratios of stage II in BM is smaller than that in stage I
and stage III because the thermal requirement in stage II is larger and the loss of irreversible combustion
is larger as well. Comparing BM and VCM, we can find it that the exergy utilization ratios of VCM in
stage I and stage III are lower for the reason of small mass flow rates. That is because the small mass
flow rates resulting in the bigger flow time. Thermal flux calculated by formulas multiplied by time is
the eventual thermal leakage energy. In stage II, when the mass flow rates of BM and VCM is similar,
the exergy utilization ratios of VCM is larger.

The utilization ratio curves express intuitively the energy saving situation, but where the specific
embodiment of energy savings is to be analyzed from the diagrams of energy flow and exergy flow.
From the calculation results obtained, the data of energy loss and exergy loss of each component are used
to draw energy flow diagrams and exergy flow diagrams of basic method (BM) and variable-condition
mode (VCM) representing the flow of energy and exergy visually. The following analysis is concentrated
on forced convection. The thickness of the arrows represents the size of the value. Regarding energy
of 1 km natural gas (NG) as 100%, the energy and exergy distribution fraction of various losses in
each component of the system is presented in the Figure 9, so that comparing the losses of the two
strategies is not difficult. The meanings of the parameters in all flow diagrams, including Figure 9,
list in Table A2.
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Comparing Figure 9a,b, it is observed that the energy in the exhaust gas is smaller in VCM
compared with BM. The reason is that the temperature of exhaust gas in VCM is 200 ◦C, lower than
that in BM with the value of 450 ◦C and this is the key to saving energy for VCM. It can be found
by comparing Figure 9c,d that the exergy loss of irreversible combustion in BM is smaller than that
in VCM. The reason is that exergy loss of irreversible combustion is associated with the adiabatic
combustion temperature. The higher the adiabatic combustion temperature, the smaller the exergy loss
of irreversible combustion. The adiabatic combustion temperature in VCM is lower in stage I, so that
the exergy loss of irreversible combustion is bigger. Relative to energy, the energy saving strategy
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reduces more exergy loss of exhaust gas than energy loss. That is because the low temperature and the
low energy of exhaust gas bring double effect of low exergy of exhaust gas. The increase of exergy
loss impacted by mass flow rates is reflected in heat transfer process, non-isothermal heat release of
exhaust gas and non-isothermal absorption of heat of soil. For example, when computing the exergy
loss of non-isothermal heat release of exhaust gas of 1 km of natural gas (NG), the quantity of heat of
non-isothermal heat release is an important factor. While the total quantity of heat of non-isothermal
heat release in the first stage is settled, which is decided by the thermal requirements, in other words,
the state of the soil. In the case of the same heat requirements and the same heating time, changing the
temperature of exhaust gas from 450 ◦C to 200 ◦C in the first stage due to energy saving purpose
results in the small amount of natural gas (NG). The total quantity of heat release maintained invariant,
so that the exergy loss of one kilogram natural gas (NG) on average is bigger.

4.2. Energy Analysis and Exergy Anlysis of Heat-Returning Mode

The energy-saving strategy for heat-returning mode is returning the exhaust used to discharge
to the atmospheric environment directly to the burner as the air in a certain proportion, Case 3.1 is
with the rate of heat return of 0.1, Case 3.2 with the rate of 0.2 and Case 3.3, the rate 0.3. Using curves
to assess the energy and exergy efficiency is the more intuitive way, as shown in Figure 10. And the
specific distribution of energy and exergy loss as well as energy and exergy flow comparing with basic
method (BM) are shown in Figure 11.

In Figure 10, it can be seen that all three case have higher utilization ratios than the basic method
(BM), and the utilization ratios increase with increasing rate of heat return. The Case 3.3 with the
largest rate of heat-returning has the best energy utilization ratio and exergy utilization ratio no matter
what stage, which means the most significant energy-saving effect. However, the rate of heat return
cannot always be increased without limit due to equipment and practical conditions. Compared with
utilization ratios of Case 3.2 for Case 3.1, the Case 3.3 for Case 3.2 is more significant.
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Figure 10. Energy utilization ratio and exergy utilization ratio comparisons of Case 3.1, Case 3.2 and
Case 3.3 of heat-returning mode and basic method (BM): (a) Energy utilization ratio comparisons of
Case 3.1, Case 3.2 and Case 3.3 of heat-returning mode and basic method (BM); (b) Exergy utilization
ratio comparisons of Case 3.1, Case 3.2 and Case 3.3 of heat-returning mode and basic method (BM).
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(a) Energy flow diagram of forced convection in stage I of BM; (b) Energy flow diagram of forced
convection in stage I of Case 3.3 of heat-returning mode; (c) Exergy flow diagram of forced convection in
stage I of BM; (d) Exergy flow diagram of forced convection in stage I of Case 3.3 of heat-returning mode.

The Case 3.3 with the best energy saving effect of the three cases of energy-saving strategy for
heat-returning mode is selected to draw the energy flow diagram. From Figure 11a,b, there is a
backflow of energy to the burner that is most obvious in Case 3.3, and it represents the heat-returning
mode of exhaust. A Sankey diagram is a good way to show the flow of energy and the thickness of the
arrows represents the size of the value in the diagram. With an initial energy of 1 km of natural gas,
it is using the regenerative energy that to make more energy go into the system initially and it also
results in more energy being used to heat the soil ultimately. While the energy loss of heat leakage of
each component in Case 3.3 is bigger than that in BM for the reason of the higher temperature caused
by more initial energy in the polluted-soil thermal remediation system. By comparing Figure 11c,d that
the exergy loss of irreversible combustion in Case 3.3 is smaller than that in BM as a result of higher
adiabatic combustion temperature. And the analysis of exergy loss of heat leakage is the same as the
energy analysis above, the higher temperature, the more energy loss, and the more exergy loss.

4.3. Energy Analysis and Exergy Anlysis of Air-Preheating Mode

The energy-saving strategy for air-preheating mode is setting preheaters to air-preheating mode
using residual heat of the system. The cases in this section selected two places with high temperature
and enough space to set the preheaters. In Case 4.1, the ratio of air through preheater 1 to be preheated
is 0.1, the ratio of air through preheater 2 to be preheated is 0, and the ratio of air that does not pass
through the preheater directly into the burner is 0.9. In Case 4.2, the ratio of air through preheater 1 to
be preheated is 0.3, the ratio of air through preheater 2 to be preheated is 0, and the ratio of air that
does not pass through the preheater directly into the burner is 0.7. In Case 4.3, the ratio of air through
preheater 1 to be preheated is 0.1, the ratio of air through preheater 2 to be preheated is 0.1 as well,
and the ratio of air that does not pass through the preheater directly into the burner is 0.8. Curves are
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used to assess the energy and exergy efficiency as shown in Figure 12. And the specific distribution
of energy and exergy loss as well as energy and exergy flow comparing with basic method (BM) are
shown in Figure 13.Energies 2019, 12, x  20 of 29 
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Figure 12. Energy utilization ratio and exergy utilization ratio comparisons of Case 4.1, Case 4.2 and
Case 4.3 of heat-returning mode and basic method (BM): (a) Energy utilization ratio comparisons of
Case 4.1, Case 4.2 and Case 4.3 of heat-returning mode and basic method (BM); (b) Exergy utilization
ratio comparisons of Case 4.1, Case 4.2 and Case 4.3 of heat-returning mode and basic method (BM).

In Figure 12, it can be seen that the energy and exergy utilization ratio of Case 4.1 is smaller
than that of BM, and it is proved that the air preheating through the preheater 1 is not conducive
to the improvement of utilization ratio and energy saving. The energy and exergy utilization ratio
of Case 4.2 is even smaller than that of Case 4.1, that is to say, the effect of the preheater 1 wasting
energy increases with the proportion of air passing through it. While the preheater 2 performs better,
the energy utilization ratio of Case 4.3 is bigger than that of BM and the exergy utilization ratio is
similar to that of BM under the bad interference of preheater 1. The underlying reason is that preheater
1 uses the energy to flow to the next component, while preheater 2 uses the waste heat to be drained
into the air, so making full use of waste heat is the wonderful way to save energy, so in the Section 4.4
comprehensive energy-saving strategies, in Case 4.4, the ratio of air through preheater 1 to be preheated
is 0, the ratio of air through preheater 2 to be preheated is 0.3, and the ratio of air that does not pass
through the preheater directly into the burner is 0.7.

Case 4.3 with the best energy saving effect of the three cases of energy-saving strategy for
air-preheating mode is selected to draw the energy flow diagram. From Figure 13a,b, there are
two backflows of energy to the burner in Case 4.3, and they represent preheated air with energy.
Although the proportion of air through the preheater is not high, not much heat is brought back.
The amount of energy used eventually increases a little with the increase in heat leakage accompanied
by an increase in temperature.
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Figure 13. Flow diagrams of forced convection in stage I of BM and Case 4.3 of air-preheating mode:
(a) Energy flow diagram of forced convection in stage I of BM; (b) Energy flow diagram of forced
convection in stage I of Case 4.3 of air-preheating mode; (c) Exergy flow diagram of forced convection in
stage I of BM; (d) Exergy flow diagram of forced convection in stage I of Case 4.3 of air-preheating mode.

4.4. Energy Analysis and Exergy Anlysis of Comprehensive Energy-Saving Strategies

The comprehensive energy-saving strategies are mainly to compare air-preheating mode combined
with variable-condition mode (VCM) and heat-returning mode combined with variable-condition
mode (VCM), that is Case 3.4 and Case 4.4. The rate of heat return in Case 3.4 is 0.3 and in Case 4.4 the
ratio of air through preheater 2 to be preheated is 0.3 as well as the ratio of air that does not pass through
the preheater directly into the burner is 0.7. Because the variable-condition mode (VCM) were applied
in both cases, so draw the energy utilization ratio curves for the three cases on one graph, Figure 14a,
and draw the exergy utilization ratio curves on the other graph, Figure 14b, for easy comparison.

By comparing Figure 14a,b, in the three cases with variable-condition mode (VCM), the trend of
energy utilization ratio and exergy utilization ratio curve is the same in the three stages. The second
stage has the highest utilization ratio, then the first stage, then the third stage. The results in Figure 14a
indicate that the Case 3.4 has the best energy utilization ratio in all three stages by combining the
advantages of variable-condition mode (VCM) and heat-returning mode, that is to say, using two
energy-saving strategies can bring the improvement of fuel saving and energy efficiency at the same
time. The results of Case 4.4 have the same implications that Case 4.4 has better energy utilization
ratio and exergy utilization ratio than Case VCM by combining the advantages of variable-condition
mode (VCM) and air-preheating mode. If all three energy-saving strategies are combined, the structure
of the system will become too complex and uncontrollable. Therefore, the combination of the two
energy-saving strategies is recommendable.
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Figure 14. Energy utilization ratio and exergy utilization ratio comparisons of Case 3.4, Case 4.4 and
variable-condition mode (VCM): (a) Energy utilization ratio comparisons of Case 3.4, Case 4.4 and
variable-condition mode (VCM); (b) Exergy utilization ratio comparisons of Case 3.4, Case 4.4 and
variable-condition mode (VCM).

5. Conclusions

This paper proposes three energy-saving strategies for a polluted-soil thermal remediation
system—variable-condition mode (VCM), heat-returning mode and air-preheating mode—and
their thermal performance and efficiency were discussed by energy analysis and exergy analysis.
The mathematical models of a polluted-soil thermal remediation system including burner, pipe, well nd
soil for energy and exergy analysis are built. The following main conclusions are reached:

• The most effective part of the energy-saving strategy for variable-condition mode (VCM) is that
under the premise of the same heating demand and heating time, the usage amount of natural gas
(NG) can be saved highly. The number of mass flow rates in the first stage of variable-condition
mode (VCM) is 0.0299 km per second, much smaller than 0.1124 km per second of basis method
(BM). It can be observed that the energy utilization ratio of forced convection each stage is 2.6%
lower than that of free convection, and exergy utilization ratio is 0.9% lower as well. In VCM,
the energy utilization ratio of stage I and stage II is better than that of the same stage in BM.

• All three energy-saving strategy cases for heat-returning mode have utilization ratios of 3% on
average higher than the basic method (BM), and the utilization ratios increase with increasing rate
of heat return. Case 3.3 with the largest rate of heat return has the best energy utilization ratio and
exergy utilization ratio no matter what stage, which means the most significant energy-saving
effect. That is because it is using the regenerative energy that to make more energy go into the
system initially and it also results in more energy being used to heat the soil ultimately with an
initial energy of 1 km of natural gas.

• In the analysis of energy-saving strategies for air-preheating mode, the air flowing through the
preheater 1 to be preheated is not conducive to the improvement of utilization ratio and energy
saving and the effect of the preheater 1 wasting energy increases with the proportion of air passing
through it. While the preheater 2 performs better, the energy utilization ratio of Case 4.3 is bigger
than that of BM and the exergy utilization ratio is similar to that of BM under the bad interference
of preheater 1. The underlying reason is that preheater 1 uses the energy to flow to the next
component, while preheater 2 uses the waste heat to be drained into the air. So making full use of
waste heat is the wonderful way to save energy.
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• The comprehensive energy-saving strategies are mainly to compare air-preheating mode combined
with variable-condition mode (VCM) and heat-returning mode combined with variable-condition
mode (VCM). The results indicate that the Case 3.4 has the best energy utilization ratio in all
three stages by combining the advantages of variable-condition mode (VCM) and heat-returning
mode, and the results of Case 4.4 have the same implications. That is to say, combination of two
energy-saving strategies can bring the improvement of fuel saving and energy efficiency at the
same time and it is recommendable.

Research on methods and effects of energy-saving strategies is very beneficial for the full use of
energy, for the reason of reduced natural gas consumption and higher energy utilization. Energy analysis
and exergy analysis are also intuitive for the presentation of results. Further to say, resource problem
can be solved better through the research of efficient use of energy.
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Nomenclature

A Area (m2) λ
Thermal conductivity
(W/(m*K))

C
Constant, depending on the Reynolds
number

ν Kinematic viscosity (m2/s)

d Diameter (m) ξ
Coefficient of local energy
loss

E Exergy (kJ/kg) τ Total time of the stage (days)
Er Reactant exergy (kJ/kg) Subscript
Ers Resultant exergy (kJ/kg) air Air

Ex,Q
Exergy loss due to heat transfer
process(kJ/kg)

b Burner

Ex,Q1

Exergy loss due to non-isothermal heat
release(kJ/kg)

b, f Flow loss in the burner

Ex,Q2

Exergy loss due to non-isothermal
absorption of heat(kJ/kg)

b, inc
Incomplete combustion in
the burner

Ex,QH Heat exergy of Q1 at TH(kJ/kg) b, irr
Irreversible combustion in
the burner

Ex,QL Heat exergy of Q2 at TL(kJ/kg) b, l
Thermal leakage in the
burner

g Gravitational acceleration (m/s2) b, to, p From burner to pipe
G Mass flow rate (kg/s) b, w, o The outer wall of burner
Gr Grashof number b, 1 Interior burner

h
Convective heat transfer coefficient
(W/(m2

·
◦C)

b, 2 External burner

l characteristic length (m) e Exhaust
L Length(m) f , b Fluid in the burner
mps Quality of dry soil (kg) f , p Fluid in the pipe
ms Quality of soil (kg) f , w Fluid in the well
mw Quality of water in the soil (kg) il Insulating layer

n
Constant, depending on the Reynolds
number

m At qualitative temperature

Nu Nusselt number NG Natural gas
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Pr Prandtl number o Extended well
Q Energy (kJ/kg) p Pipe
Qar,net Lower calorific value (kJ/kg) p, f Flow loss in the pipe
Qga,v,ad Higher calorific value (kJ/kg) p, in Input of pipe
Re Reynolds number p, l Thermal leakage in the pipe
t Temperature (◦C) p, to, w From pipe to well
tb Adiabatic combustion temperature (◦C) p, w, o The outer wall of pipe
t0 Ambient temperature (◦C) s Soil
ts Soil temperature at the end of stage (◦C) s, a Absorbed by the soil
T Kelvin temperature (K) s, e Unheated soil

TH
Kelvin temperature of intermediate high
temperature heat source (K)

s, in Input of soil

TL
Kelvin temperature of intermediate low
temperature heat source (K)

s, l Thermal leakage in the soil

T0 Ambient kelvin temperature (K) s, l, a
Thermal leakage from
soil to soil

u Velocity (m/s) s, l, s
Thermal leakage from
soil to air

Greek symbols w Well
α Excess air coefficient w, f Flow loss in the well
αV Cubic expansion coefficient w, in Input of well
γ Latent heat of vaporization (kJ/kg) w, l Thermal leakage in the well
∆ Thickness (m) w, out Output of well
∆t Temperature difference (◦C) w, to, s Well to soil

ε Incomplete combustion coefficient w, w, o
The outer wall
of extended well

ηen Energy utilization ratio I The first stage
ηex Exergy utilization ratio II The second stage
ς Coefficient of path energy loss III The third stage

Appendix A

Table A1. The Value of Physical Parameters.

Parameters Value

cp,b Specific heat of gas in burner 1.2390 kJ/(kg*K)
cp,e Specific heat of exhaust 1.1850 kJ/(kg*K)

cp,ps Specific heat of pure soil 0.84 kJ/(kg*K)
cp,s Specific heat of soil 1.8480 kJ/(kg*K)

cp,w Specific heat of well 4.2 kJ/(kg*K)
db,1 Inner diameter of burner 190 mm

db,2 External diameter of burner 200 mm
dp,1 Inner diameter of pipe 89 mm

dp,2 External diameter of pipe 97 mm
dw,1 Inner diameter of well 89 mm

dw,2 External diameter of well 97 mm
g Acceleration of gravity 9.8 m/s2

Lb Length of burner 0.5 m
Lo Length of extension of the well 0.3 m

Lp Length of pipe 0.2 m
Lw Length of well 13 m

rs Radius of heated soil 1.5 m
rs,e Radius of unheated soil 2 m

λb Thermal conductivity of burner 0.0311 W/(m*K)
λ f Thermal conductivity of fluid Differs from parts
λp Thermal conductivity of pipe 0.0231 W/(m*K)
λs Thermal conductivity of soil 1.2 W/(m*K)
λw Thermal conductivity of well 0.0209 W/(m*K)
νair Kinematic viscosity of air 30×10−6 m2/s
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Table A2. The meanings of the parameters in flow diagrams.

Parameter Meaning Parameter Meaning

Q_air Energy of air to burner E_air Exergy of air to burner
Q_b, in Input energy to burner of 1kg NG E_b, in Input exergy to burner of 1kg NG

Q_b, to, p Energy from burner to pipe E_b, to, p Exergy from burner to pipe
Q_b, incomp Energy loss of incomplete combustion E_b, irre Exergy loss of irreversible combustion
Q_b, f low Energy loss of flow in burner E_b, incomp Exergy loss of incomplete combustion
Q_b, leak Energy loss of heat leakage in burner E_b, f low Exergy loss of flow in burner
Q_p, to, w Energy from pipe to well E_b, leak Exergy loss of heat leakage in burner
Q_p, f low Energy loss of flow in pipe E_p, to, w Exergy from pipe to well
Q_p, leak Energy loss of heat leakage in pipe E_p, f low Exergy loss of flow in pipe
Q_w, out Output energy of exhaust from well E_p, leak Exergy loss of heat leakage in pipe
Q_w, to, s Energy from well to soil E_w, out Output exergy of exhaust from well
Q_w, f low Energy loss of flow in well E_w, to, s Exergy from well to soil
Q_w, leak Energy loss of heat leakage in well E_w, f low Exergy loss of flow in well
Q_s, use Energy that soil use E_w, leak Exergy loss of heat leakage in well
Q_s, leak Energy loss of heat leakage in soil E_w, Q1 Exergy loss of non-isothermal heat release
E_s, Q2 Exergy loss of non-isothermal heat absorption E_w, Q Exergy loss of heat transfer
E_s, leak Exergy loss of heat leakage in soil E_s, use Exergy that soil use

Appendix B Calculation of Intermediate Parameters

(a) Excess Air Coefficient and Mass Flow Rates Calculation
Mass flow rate of exhaust gas is calculated by state of soil, duration of stages and the set temperature of the

exhaust. However, in the basic method (BM) the required conditions for calculation in each stage are uniform,
and in variable-condition mode (VCM) those are distinguishing because of different exhaust gas temperatures at
different stages. Excess air coefficient is also different caused by varied adiabatic combustion temperature.

Thermal requirement is the quantity of heat in the heat transfer process from well to soil by exhaust gas.
QI is the heat in the first stage, QII is in the second stage and QIII is the third. cp,s is specific heat with the moisture
content of 0.3:  QI = mscp,s(100− t0)

QII = mwγ
QIII = mpscp,ps(ts − 100)

(A1)

Mass flow rate of exhaust gas in BM of the three stages are calculated uniformly, as follows. And in VCM the
mass flow rates of exhaust gas of the three stages are calculated respectively using separate thermal requirement.
Because the calculation method is same as that in BM, it will not be repeated here.

Mass flow rate of exhaust gas in BM:

Ge =
QI + QII + QIII

τcp,e(tw.in − tw,out)
=

mscp,s(100− t0) + mwγ+ mpscp,ps(ts − 100)

τcp,e(tw,in − tw,out)
(A2)

In order to calculate the excess air coefficient α, chemical equation: Equation (48) and energy equation:
Equation (49) in burner is essential. The excess air coefficient α is the ratio of redundant air volume to the right air
volume in a complete reaction:

CH4 + 2(1 + α)O2 +
2× 78

21
(1 + α)N2 → CO2 + 2H2O+

2× 78
21

(1 + α)N2 + 2αO2 + Q (A3)

GNGqar,net(1− ε) + GNGcp,NGtNG + Gaircp,airtair = Gecp,btb (A4)

cp,NG is the specific heat of natural gas (NG) and cp,air is the specific heat of air. Because the temperature of
natural gas (NG) and air are close to zero, the two parameters are not involved in the calculation.

Equation (50) is the excess air coefficient α:

α =
(

16qar,net(1−ε)
cp,btb

− 288.012)

272.012
(A5)

Mass flow rate of natural gas (NG) is corresponding to mass flow rate of exhaust gas one by one in each stage:

GNG =
Ge × 16

272.012α+ 288.012
(A6)

(b) Convective Heat Transfer Coefficient Calculation
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Convective heat transfer coefficient in the calculation of energy loss of heat leakage is divided to
three categories:

(a) Convective heat transfer coefficient of forced convection in tube is as follows:
Re = ud

ν
Nu = 0.023Re0.8Pr0.3

h =
λ f

d Nu
(A7)

(b) Convective heat transfer coefficient of forced convection outside the tube is solved in Equation (53).
The speed of the wind is 3 meters per second in the paper:

Reair =
uaird
νair

Nuair = CRen
airPr1/3

air
hair =

λair
d Nuair

(A8)

(c) Equation (54) is the convective heat transfer coefficient of natural convection outside the tube:
Grair =

gαV∆tl3

ν2
air

Nuair = C(GrairPrair)
n
m

hair =
λair
d Nuair

(A9)

(c) Tube Surface Temperature Calculation tb,w,o =
Qb,l

Lbhb,2πdb,2
+ t0

Tb,w,o = tb,w,o + 273.15
(A10)

 tp,w,o =
Qp,l

Lphp,2πdp,2
+ t0

Tp,w,o = tp,w,o + 273.15
(A11)

 tw,w,o =
Qw,l

Lohw,2πdw,2
+ t0

Tw,w,o = tw,w,o + 273.15
(A12)

(d) Temperature of Intermediate Heat Source Calculation
In the actual heat transfer process, the temperature of the heat source will change as Figure A1 shows, so the

temperature of intermediate heat source is essential to calculate. The logarithmic mean temperature difference
is used to calculate the temperature of intermediate high temperature heat source TH, so as the temperature of
intermediate low temperature heat source TL, and the TL is different in each stage:

TH =
Tw,in − Tw,out

ln Tw,in
Tw,out

(A13)


TL,I =

373−T0

ln 373
T0

TL,II = 373
TL,III =

Ts−373
ln Ts

373

(A14)
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