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Abstract: The technical feasibility of in situ upgrading technology to develop the enormous oil and gas
resource potential in low-maturity shale is widely acknowledged. However, because of the large quantities of
energy required to heat shale, its economic feasibility is still a matter of debate and has yet to be
convincingly demonstrated quantitatively. Based on the energy conservation law, the energy acquisition of
oil and gas generation and the energy consumption of organic matter cracking, shale heat-absorption, and
surrounding rock heat dissipation during in situ heating were evaluated in this study. The energy consumption
ratios for different conditions were determined, and the factors that influence them were analyzed. The
results show that the energy consumption ratio increases rapidly with increasing total organic carbon (TOC)
content. For oil-prone shales, the TOC content corresponding to an energy consumption ratio of 3 is
approximately 4.2% . This indicates that shale with a high TOC content can be expected to reduce the project
cost through large-scale operation, making the energy consumption ratio after consideration of the project
cost greater than 1. In situ heating and upgrading technology can achieve economic benefits. The main
methods for improving the economic feasibility by analyzing factors that influence the energy consumption
ratio include the following: (1) exploring technologies that efficiently heat shale but reduce the heat
dissipation of surrounding rocks, (2) exploring technologies for efficient transformation of organic matter
into oil and gas, i.e., exploring technologies with catalytic effects, or the capability to reduce in situ heating
time, and (3) establishing a horizontal well deployment technology that comprehensively considers the
energy consumption ratio, time cost, and engineering cost.
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viate the imbalance in the supply and demand of

1 Introduction energy in the country""*. The oil and gas re-

sources of China include immature oil shale that

The lacustrine shale of China contains large re-  is yet to reach the oil generation threshold, ma-

serves of oil and gas resources. Therefore, lacus-  ture “shale oil” in the oil window, and shale gas
trine shale is a crucial resource that can help alle-  in highly overmatured shale.
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Medium- and high-maturity shale oil can be ex-
tracted using horizontal shale gas wells and large-
scale fracturing technologies. Significant strategic
breakthroughs in shale oil extraction have been
made in multiple basins''*/. The overall thermal
maturity of shale in the terrestrial lacustrine ba-
sins of China is significantly lower than that in
North America. Except for the Songliao Basin,
the burial depth of high-maturity shale with ma-
turity (R,)=1.3% or above is large (typically>
4500 m). Consequently, the costs of drilling and
fracking are high, making them economically in-
feasible for short-term development. In addition,
shale formations in most regions are character-
ized by high clay mineral contents and low frac-
turing feasibility. Therefore, the exploitation of
shale oil resources using drilling and fracking
technologies are limited"”. The resource poten-
tial of immature shale oil and low- to medium-
maturity shale oil is much greater than that of
conventional oil and gas*'*'*). However, its ex-
traction is currently possible only by in situ up-
grading technology (ISUT)!**J. Therefore, the
use of ISUT for the extraction of medium- and
low-maturity shale oil and gas has gained signifi-
cant attention worldwide in recent years-*'".

During in situ heating, a large proportion of
the macromolecular kerogen and heavy oil con-
taining high non-hydrocarbons and asphaltenes in
oil shale is decomposed into lighter oils and gases.
The oil and gas contents and gas pressure in the
pores, which are the driving forces for produc-
tion, increase, and the viscosity of the fluid de-
creases. Therefore, the mobility of oil and gas is
greatly enhanced. Simultaneously, heating can
cause shale to fracture, resulting in increased
permeability, thus aiding the extraction of oil
and gas-* . There is little disagreement among ac-
ademic and industrial experts about the technical
feasibility of oil and gas extraction using in situ
heating technology for oil shale exploration.

The pyrolysis of organic matter is an endother-
mic reaction that requires a certain amount of
thermal energy. During the heating process, various
minerals and pore water in the shale formation are
also heated, which leads to heat consumption. In ad-
dition, some heat is dissipated to the surrounding
rock through thermal conduction. Therefore, the

economic feasibility of using ISUT for extracting
medium-maturity shale oil has been widely ques-
tioned. The concept of using in situ heating tech-
nology for oil and gas extraction from oil shale
(including shale at the immature stage and low-
to medium-maturity stage) was proposed long
ago. Many exploratory studies and in situ experi-
ments have been conducted in the United States
of America (USA)!%!%%%) In China, laboratory
simulation experiments and numerical simulations
of in situ thermal upgrading have been conduc-
ted"**") . However, to the best of our knowledge.
there has been no successful commercial applica-
tion of this technology to date, because of the e-
normous energy consumption and consequent cost
of the heating process, which significantly affect
its economic feasibility. Therefore, determining
the feasibility of in situ pyrolysis of oil shale to
extract shale oil and gas is of great concern to in-
dustry experts and policymakers.

The key to the economic feasibility of ISUT is
the energy consumption ratio, which is the ratio
of the energy of the generated oil and gas to the
sum of the energy to heat shale, the equivalent
energy of extraction, and the subsequent operational
costs. This ratio should be>1. The extraction and
operational costs include the costs of drilling, fractu-
ring, mining, and environmental protection, which
are related to many factors, such as the burial depth,
well spacing, well diameter, environmental protec-
tion, and operational costs. These costs are difficult
to assess because of insufficient research data and
lack of industry standards and are therefore not con-
sidered in this study. However, the energy of the
generated oil and gas must be significantly greater
than the energy required for heating shale; i.e., the
energy consumption ratio, without consideration of
operational costs, must be well over 1 (typically, a
value==3"*) is required). Therefore, the extraction
costs can be offset through large-scale operation,
thereby ensuring the profitability of oil shale resources.

The energy contained in shale oil and gas that
is generated by pyrolysis is equal to the energy
per unit mass of oil and gas (the calorific value,
which can be obtained from reference materials)
multiplied by the total amount of the generated
oil and gas. The amount of oil and gas is related
to the abundance and type of organic matter in
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the shale formation. The energy required for
shale heating can be divided into the following
three components: (1) energy required for the
pyrolysis of organic matter, (2) energy con-
sumed by the minerals and pore water in shale
during pyrolysis, and (3) energy lost owing to
heat dissipation to the surrounding rock.

In this study, based on the energy conserva-
tion principle (energy consumption ratio), we e-
valuated the energy consumption ratio, without
considering engineering and operating costs, to
determine the basic conditions required for the e-
conomic feasibility of in situ heating technology.
We then analyzed the effects of other factors on
the energy consumption ratio to determine whether
the efficiency of the in situ heating method can be
improved. We sought in this study to evaluate the
economic feasibility of ISUT and possible ways to
improve the technology. The results of this study
can be used to promote the application of ISUT
for optimized oil shale exploitation.

2 Energy consumption ratio of organic matter
pyrolysis and oil and gas generation (with-
out consideration of other losses)

2.1 Evaluation of energy consumption by analy-
zing bond energy difference

The reactant kerogen and reaction products of

pyrolysis, including the residual kerogen, oil, gas,

and other non-hydrocarbon components, are com-

posed of elements linked by bonds with specific bond
energies. Based on the principle of energy conserva-
tion, the difference between the bond energies of re-
actants and products before and after pyrolysis
should be the energy required (consumed) for the
pyrolysis of organic matter. The calculation process
applied in our study was based on Type-1 kerogen
and is briefly described below.

Using the molecular weight and elemental
composition of the source kerogen and residual
kerogen provided by Behar et al.”**) for immature
and high-maturity light oil (see Tables 7—11 on
page 400 and Figures 7 —15 on page 402 in Fu
et al.”’) and the composition of light oil and
natural gas in the high-maturity stage'*’, with
CO; considered as the main non-hydrocarbon prod-
uct, the reaction can be expressed as follows:

C1439 H2360 0863 N4.3 Sl,4 + 23 5024>
(Source kerogen)
C305 H2530/1 NO,E)Z SO.92 + 130C8 Hl5./l 00.026 NO,OS SO.015 +

(Residual kerogen) (Light oiD)
21.5(:1.44 H4,38 + 63COZ (1)

(Natural gas)

The number of atoms and bond types in Type-I
kerogen and the main reaction products (Table 1-3)
can be determined by considering the aromatic
carbon content, fatty carbon content, and num-
ber of aromatic bonds (C-C, C=C, C=0, O—
H, S-S, C-S, C—H, and C—N) in the structural
formula in Behar et al.”™ (see Tables 7 —11 on
page 400, Tables 7—12 on page 401, and Figures
7-15 on page 402 in Fu et al.l"").

Table 1 Atomic number and bond number of Type-I original kerogen, residual kerogen, and other products
(modified according to Fu et al.*"))

Number of bonds

Molecular formula and bond type
Source kerogen

Residual kerogen Light oil molecule

Molecular formula

Cc-C 1251
Benzene-C 40
C=C 14
C—C triple bond
Aromatics 96
C-N 12
C-0O 263
C=0 78
C-S 2
Phenolic hydroxyl C—O 20
C-H 1770
Benzene-H 80
N—-H
Disulfide bond 1
O—-H 65
S—-H
Phenol hydroxyl O—H 20

Total molecular bond energy (kJ/mol) 1604190.18

C1a39 H2360 Os6.3N4.3S1 4

C305 H25304 No.92 S0 92 CsHis.400.026 No.03So.015

109 5.975
20
0.7
0.3
42
2 0.03
8 0.03
0.01
2 0.0015
210 15.32
42
1 0.06
0.01
0.0015
241314.86 9120.35
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Table 2 Composition of wet gas and number of molecular bond types

Molecule type Proportion/% Number of C—C Number of C—H Total molecular bond energy (kJ/mol)
Methane 70 4 1652.60
Ethane 20 1 6 2816.38
Propane 7 2 8 3980.16
Butane 2 3 10 5143.94
Pentane 1 4 12 6307.72
Total molecular bond energy of wet gas (kJ/mol) 2164.66

Table 3 Number of bond types of other small molecules

Bond type Carbon dioxide Oxygen Nitrogen
0=0 1
Cc=0 2
N-N triple bond 1

Total molecular bond energy

(kJ/moD) 1448.38

498.00 946

Based on the bond energy of the various types
of molecular bonds (Table 4), we obtained the
following results:

Table 4 Dissociation energy of chemical bonds related to

structure of kerogen (according to Behar et al.l*!)

Bond type Dissociation energy (kJ/mol)
Cc-C 337.48
Benzene-C 380.62
C=C 614.5
C—C triple bond 962.7
Aromatics 2060
C-N 292
c-O0 349.58
C=0 723.87
C-S 272
Phenolic hydroxyl C—O 427.6
C-H 413.15
Benzene-H 460
N-H 391
Disulfide bond 268
O-H 463
S-H 339
Phenol hydroxyl O—H 356

Total bond energy of reactants = 1604190.18
(source kerogen) +23.5X498 (oxygen molecules) =
1615893.18 kJ/mol

Total bond energy of products=241314.86 (re-
sidual kerogen) +130<9120.35 (light oil) +21.5X
2164.66 (wet gas) +63X2X726.22 (carbon dioxide
molecules) =1565004.27 kJ/mol

Difference between the total bond energies of
reactants and products=50888.91 kJ/mol (AE).
This is the energy consumed in the pyrolysis reac-
tion described by Eq. (1).

It is evident from Eq. (1) that the pyrolysis re-
action product contains 130 mol of light oil and
21.5 mol of natural gas. Therefore, the energy
required to generate 1 mol of light oil and 0.165
mol of natural gas is 391.45 kJ (50888.91/130).
2.2 Evaluation of energy consumption based on

activation energy of hydrocarbon formation
(chemical kinetic theory)

Numerous studies on the hydrocarbon genera-
tion kinetics of organic matter***) have shown
that the average activation energy required for
kerogen-to-oil-and-gas cracking and oil-to-gas
cracking ranges from 200 to 260 kJ/mol. Previous
studies of the Daqing oil field"**) have shown that
the average activation energies of Type-1 kerogen
pyrolysis to light oil and natural gas are 209.25
and 226.29 kJ/mol, respectively. Based on these
results, the energy required to produce 1 mol of
light oil and 0.165 mol of natural gas was esti-
mated to be 246.59 kJ/mol.

Owing to the different rationales behind the
two approaches, the energy value based on the
activation energy of hydrocarbon formation and
that based on the bond energy difference are not
entirely consistent. The bond energy conservation
method uses an approximate formula, because
the kerogen structure, composition, and hydro-
carbon formation process are extremely complex
and change constantly, which makes it impossi-
ble to represent the chemical reaction accurately.

Moreover, the bond energy is approximated be-
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cause the bond energy can be affected by the sur-
rounding groups; therefore, the values given by
different reference materials differ. In the activation
energy method, the energy required to produce non-
hydrocarbon products is not considered. Neverthe-
less, the calculated values for the thermal energy re-
quired to produce 1 mol of light oil obtained based
on these two methods are relatively close and range
from 246 to 391 kJ/mol. Therefore, the evaluation
results obtained with these two methods can be con-
sidered mutually corroborative.

2.3 Energy consumption ratio of oil and gas gen-
erated by heating to pyrolysis heat consump-
tion (without considering other losses)

Based on previous studies"****, the amounts of
heat (average calorific values) generated by the
combustion of 1 mol of light oil and 0.165 mol of

natural gas (methane) were calculated as 7233.84

and 146.90 kJ (890.3 X0.165), respectively, and

the total calorific value was calculated as 7380.74 kJ.
Based on the calorific value (7380.74 kJ/mol)
of hydrocarbons (1 mol of oil + 0.165 mol of
gas) generated in the pyrolysis reaction and the
heat required for cracking organic matter to oil
and gas (246.59 —391.45 kJ/mol), the energy
consumption ratio considering only the genera-
tion of oil and gas was calculated to range from

18.9 to 29.9. Thus, ISUT is economically feasible

if we consider only the energy consumed during

pyrolysis. Notably, further evaluation is required
to consider the effects of heat absorption by inor-
ganic minerals and water and heat dissipation to

the surrounding rock.

3 Energy consumption in shale heating process
because of heat absorption and dissipation

The amount of heat absorbed by the inorganic
minerals and water in shale is related to the heat-
ing temperature (field) and thermal capacity of
the shale. Heat energy consumption due to dissi-
pation from shale to the surrounding rock is con-
trolled by the temperature field, the thermal

conductivity of the surrounding rock, and the
conduction duration. The distribution of the tem-
perature field in a shale formation is related to
the temperature and location of the heat source,
the spacing between the heating and production
wells, the thickness and thermal conductivity of
the formation, and the heating duration. There-
fore, a geological model is required for quantita-
tive evaluation.
3.1 Geological model and parameters

In the stratigraphic model of an electric heat-
ing system for a horizontal well shown in Figure
1, h is the shale formation thickness, and L is
the horizontal length of the heating well. Produc-
tion and heating wells were equal in length and
deployed in parallel, with d representing the dis-
tance between the two wells. As shown in Figure 1,
the horizontal wells were set in the middle of the
shale formation. The starting point of the heating
well was set as the coordinate system origin (x =0,
v=0, and z=0), with x being the transverse direc-
tion between the heating and production wells, y be-
ing the vertical direction, and z being the direction

along the horizontal well.

A
Y2
Surrounding
Surrounding rock
rock
vy X
! Heating Production Heating
well well well
Surrounding — Surrounding
' rock rock
IR Yz d

Fig.1 Stratigraphic model of horizontal well system
(heating and production wells)

Values for the thermal conductivity, thermal
capacity, and density of the shale formation re-
quired for the numerical simulation were ob-
tained from existing literature"*"*"’. The values of
other simulation parameters were sclected based
on geological conditions or according to the simu-

lation requirements (Table 5).
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Table 5 Relevant parameters for simulation developed in this study

Model parameter Parameter value

Model parameter Parameter value

Shale/sandstone length (m) Sufficient
Shale thickness (m) 30
Sandstone thickness (m) 500
Wellbore radius (m) 0.02/0.05/0.1/0.2/0.5
Well spacing (m) 5/10/15/20/25
Burial depth of the bottom of shale layer (m) 1800
Ground surface temperature (C) 20
TOC (%) 1-20 (5)
HI (mgHC/gTOC) 800

Surrounding rock thermal conductivity (W/m/K)

Shale thermal conductivity (W/m/K) 1.0-24 (1.2D
2.1-3.5 (3)
1100—2000 (1141)
762—-1071.8 (890)
2100—2800 (2450)

1800—2800 (2470)

Shale specific heat (J/kg/K)
Specific heat of surrounding rock /(J/kg/K)
Shale density (kg/m’)

Density of surrounding rock /(kg/m’)

Heating well temperature (C) 500/600/700/800/900
Production well temperature (C) 200/250/300/350/400

Geothermal gradient (‘C/m) 0.033

Note: 5/10/15/20/25 are several values of the same parameter in the model; 1-20 (5) represents a range of values, with 5 being the pa-

rameter value selected for the model

3.2 Thermal conductivity equations and initial
and boundary conditions
The general form of the three-dimensional
thermal conductivity equation is as follows"! ;
(7T,' T ) ol /3,‘ 72T1' 72T1' ’)ZTI'
(xrsYs2,t) _ (( d d ) (2)

at cipi N dx” ™ dy? - dz?

where, when i =1 (i.e., —y;<{y<{y;), the e-
quation is used to describe the thermal conductiv-
ity of the shale formation, and when i =2 (i.e.,
yi<<y<y,or —y,<y<— y1), the equation is
used to describe the thermal conductivity of the
surrounding rock formation.
The initial conditions were determined using
the following equations from the geological model:
T(t=0)=T, (D 3
where T, (H) is the shale formation tempera-
ture before heating, which is set as the original
ground temperature, considering the geothermal
gradient ('C).
The boundary conditions are as follows:
T(x?+ y?<rias 1) = Thea €Y
where ryq is the wellbore diameter (m) and T ey
is the temperature of the heat source of the heat-
ing well (C).
aT
ar
(Note: owing to the symmetry of the geolog-
ical model, as shown in Figure 1, no heat passes
through the formation faces parallel to the heat-
ing well.)
aT
ar
(Note: when the thickness of the surrounding

)
(xZO,y,t)Z%(XZZd,y,I)ZO (5)

aT
(x’yzyz,t)zﬂ(x,y: —y5,1)=0 (6)

rock is sufficiently large, the artificial heating

field will not affect the temperatures at the top
and bottom boundaries.)
Thus, the interface condition is expressed as
follows:
Ti(x,y=xyi,0)=Ty(x,y=Fy,t) (1)
(Note: the temperatures at the top and bottom
interfaces between shale and the surrounding
rock will be the same; + y; and — y; represent
the top and bottom interfaces, respectively.)
aT, aT,
LIy y=ty, =k
(Note: the heat fluxes at the top and bottom
interfaces between shale and the surrounding rock

&

=+
y=»

will be the same; + y; and — y; represent the top
and bottom shale interfaces, respectively.)
3.3 Temperature field determination

The thermal conductivity equation (Eq.(2))
and the initial, boundary, and interface condi-
tions (Egs.(3—8)), as well as the relevant pa-
rameters listed in Table 5, were used to calculate
the temperature T (x, y, z, and ¢) at any point
(x, vy, and z) at time ¢; the temperature field of
the shale formation was obtained thereby. Figure
Za illustrates the temperature field of the shale
formation model shown in Figure 1 for a forma-
tion thickness (h) of 30 m, well spacing (d) of
5 m, heating source temperature ( T, ) of 700 C;
the production well was heated to a temperature
of 300 C. Figure 2b illustrates the temperature-
time history of four representative points in the
shale formation. The results indicate that the
time required to heat the production well (Point
3) to a temperature of 300 C is 4.05 years when
the well spacing is 5 m, at which time the tem-
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perature at Point 1 at the edge of the shale for-
mation is only 110 ‘C. Thus, it is evident that the
heat conduction process in shale formations is ex-
tremely slow.

e 360
a £ b —!
2 310 —2
2 —3
150°C g
£ 260 —r
g
59 210
20 200°C ;
I 160
S
250°C s
— 7 & 10
5
300°C = 60
M 00 05 10 15 20 25 30 35 40
well Heating time (years
r“4o 3 ‘ g time (years)
, 1.0
roduction o
2
well = C —_1
E 08 —_2
250°C 2
£ —_3
o
24 06 L
200°C ]
28
S04
k]
]
150°C 8 g2
2 i
]
0.0
00 05 1.0 15 20 25 30 35 40

Heating time (years)

Fig.2 (a) Calculated temperature field of shale formation;
(b) thermal history; and (¢) hydrocarbon generation rates
at representative points
34 Evaluation of energy gain during the heating
process

Based on the temperature-time history at any
point at any time T (x, y, z, and t) obtained as
described in the previous section (Figure 2b), we
used the chemical kinetic model of hydrocarbon
generation from organic matter to calculate the
hydrocarbon generation rate XH (x, y, z, and
t) as follows:

XH(x,y,z,t) =

— 2 ?jXH,-O {1 — exp[—J;AHi exp<— il,;{[) dl} }
D)
where XH is the generation rate of hydrocarbon
from kerogen, NH is the number of parallel re-
actions of kerogen-to-hydrocarbon conversion,
EH,; is the activation energy corresponding to
each reaction, AH, is the pre-exponential factor,
and XH,,(i=1, 2, ---, NH) is the hydrocarbon
potential of the source kerogen in each reaction.
It is also possible to calculate the oil or gas gener-
ation rate separately from kerogen by replacing
H in Eq.(9) with O or G, respectively, which
represents the conversion rate of kerogen to oil

NH
i—lXHi

or gas, respectively. Owing to space limitations,

the derivation process is not presented in this
manuscript. Interested readers can refer to the
authors’ previous work! 444,

Thermal history data for the four representa-
tive points shown in Figure 2a were substituted
into Eq.(9) to obtain the evolution of the hydro-
carbon generation rate at each point with respect
to the heating time (Figure 2¢). The results indi-
cated that the production well (Point 3) and a
point closer to the heating well (Point 4) reached
a temperature of approximately 260 C in 2.5
years and 1.7 years, respectively, at which time
the hydrocarbon generation rate was close to 1.
Point 2, which was farther from the heating
well, required 4.05 years to reach a temperature
of 185 C, at which time the hydrocarbon con-
version had just begun, and the generation rate
was approximately 10% . At the edge of the shale
formation (Point 1), the temperature did not
reach 110 C, and the hydrocarbon conversion
process did not occur at a significant scale.

The thermal energy (gq;) of the shale volume
conversion into oil and gas corresponding to a
given point based on the hydrocarbon generation
rate at that point is expressed as follows:

qi=psXdv; XTOCX HI X

(XO(X];/[):,Z,Z) % qO+XG(xA,/[);,z,t) % qg>

10)
where o, is the shale formation density (kg/
m®), dv; is the shale volume at point i (m®),
TOC content is the total organic carbon content
of shale, HI is the hydrocarbon potential of the
organic matter, XO is the oil generation rate, g,
is the calorific value of oil per molar mass unit
(J/mol), g, is the calorific value of gas per mo-
lar mass unit (J/mol), M, is the molar mass of
light oil (kg/mol), and M, is the molar mass of
natural gas (kg/mol). The parameter values re-
quired for the calculation are listed in Table 3.

The total energy gain, ;. was obtained by
summing (integrating) the potential energy of
the shale volume between the heating well and
the production well, as shown in Figure 2.

Q= |Ja

3.5 Evaluation of energy consumption during heating
(1) Kerogen-bond dissociation energy, Qo :

an
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The total (integral) energy consumption re-
quired to break all kerogen bonds between the
heating well and the production well can be ex-
pressed as follows:

Q= M A’;k X g X%XXH(I,y,z)dv (12)
where My is the molar mass of kerogen (kg/
mol), g is the bond dissociation energy required

for kerogen per unit molar mass (J/mol), and

0.84 is the conversion coefficient between TOC
and kerogen.

(2) Heat absorption of shale minerals, Q;:

The total Cintegral) heat absorption of the
shale formation between the heating and produc-
tion wells from the initial temperature field to
the final temperature field is expressed using the
following equation:

Q =c.o.[||[T.— T ]do,

where ¢ is the thermal capacity of shale (J/kg ¢
K). ps is the density of the shale formation (kg/
m®), Ty is the temperature at a given point be-
fore heating (K), and T, is the temperature at
that point after heating (K).

(3) The heat absorbed by the surrounding rock
formation (heat dissipation due to thermal con-
duction), @Q,, is expressed by the following
equation:

Q, :('W‘OWJ‘”[TW — T Jdv,,

(13

QY

where c,, is the thermal capacity of the sur-
rounding rock (J/kg « K), p, is the density of
the surrounding rock formation (K), T, is the
temperature at a given point before heating (K),
and T, is the temperature at that point after
heating (K).
3.6 Energy consumption ratio (R) during heating

According to the foregoing quantitative evalu-
ation process, the energy consumption ratio
based on a specific parameter can be expressed by
the following equation:

R= O Xy

Q:+ Qs+ 0O
where 7y is the recovery rate. The oil and gas pro-
duced after heating are characterized by the light
oil quality. high gas/oil ratio, and high recovery
rate. The value of y was assumed to be 75% in
this study.

(15

Figure 3 illustrates the relationship between
the energy consumption ratio and TOC content
for different heat source temperatures (other pa-
rameters are listed in Table 5). It is evident that
the heat source temperature has a small impact
on the energy consumption ratio, whereas the
TOC content of the shale formation has a signifi-
cant effect on the energy consumption ratio. This
is expected because the energy gain increases in
proportion to the TOC content (Eq.10). Howev-
er, the energy consumption due to heat absorp-
tion by shale and the surrounding rock formation
remains unchanged, and only the energy con-
sumption of kerogen pyrolysis
shown in Figure 3, when the energy consumption
ratio is 1, the corresponding TOC content is ap-
proximately 1.1% . When the TOC content is be-
low this value, the pyrolysis energy consumption
exceeds the energy generated by the oil and gas,
and the process is not economically profitable,

increases. As

because the engineering cost and recovery rate
are not considered. When the energy consump-
tion ratio is 3, the corresponding TOC content is
approximately 4.2% , which indicates that the en-
gineering costs can be offset through large-scale op-
erations when the TOC content is approximately 4% .
Therefore, the energy consumption ratio after con-
sidering the engineering costs is>>1, and ISUT is
considered to be economically feasible. Therefore,
the energy consumption ratio increases with the TOC
content. When the TOC content is 18%, the energy
consumption ratio is as high as 7; in such a case,
there is room for further development of ISUT to
identify more economically feasible means of oil
shale exploration.

8
B
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TOC content (%)
Fig.3 Relationship between energy consumption ratio and
TOC content under different heat source temperatures
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For example, the shale in the Chang 7 Member
of the Ordos Basin has a thickness of >100 m at
the center of the lake basin. The TOC content of
the shale ranges from 2% to 28% , with an aver-
age of 11.7%. The TOC content of more than
80% of the shale samples exceeds 5% . Based on
these considerations, it is economically feasible
to develop Ordos Chang 7 shale through ISUT.

4 Factors affecting energy consumption ra-
tio and methods to increase efficiency

4.1 Effect of well spacing and methods to improve
efficiency

The effect of well spacing on the energy con-
sumption ratio was evaluated using the method
described previously, as illustrated in Figure 4a.
The energy consumption ratio is the highest when
the horizontal well spacing is half the thickness
of the shale formation. If the well spacing increa-
ses or decreases from this value, the energy con-
sumption ratio decreases. This is because the un-
necessary heat dissipation to the surrounding rock
formation is 2.08 times the heat consumption of
the shale formation when the well spacing is sig-
nificantly greater than the half-thickness of the
shale formation, such as 25 m, as shown in Fig-
ure 4b. This is because the upper and lower
boundaries of the shale formation also typically
reach a higher temperature when the shale a-
round the production well reaches the effective
cracking temperature. This results in the dissipa-
tion of a considerable amount of heat to the sur-
rounding rocks, which inevitably reduces the en-
ergy consumption ratio. However, if the well
spacing is less than half the thickness of the shale
formation, the temperatures at the top and bot-
tom boundaries of the shale formation remain
relatively low when the production well tempera-
ture reaches the temperature required for a high
hydrocarbon generation rate. In such a case,
when the heat dissipation to the surrounding rock
formation is low, the temperature at the edges of
the shale formation is also low. For example,
when the well spacing is 5 m, the heat dissipation
to the surrounding rock and the energy consump-
tion of the shale formation is practically negli-
gible, at approximately 0.04. Consequently, the

organic matter at the edges of the shale forma-
tion may not have started to crack effectively;
therefore, the energy consumption ratio is also
relatively low (Figure 4b). In addition, a small
well spacing requires a high drilling density,
which increases the drilling cost; this is not con-
ducive to improving the economic feasibility of
the engineering operation.

As shown in Figure 4c, the production well re-
quires a long time to reach 200 C owing to the
low heat conduction rate of shale; organic matter
then begins to crack at a high rate. When the
well spacing is 5 m, the time required for the or-
ganic matter to crack is 2.4 years; similarly,
when the well spacing is 25 m, the required time
exceeds 66.4 years. Furthermore, when the well
spacing is 15 m and the energy consumption rate
is relatively high, the required time is 23.7 years.
Therefore, the time cost due to thermal conduc-
tivity is enormously high. This is due to the low
heat conduction efficiency of shale. Therefore,
exploring effective ways to improve the heating
efficiency is a crucial to increasing the overall ef-
ficiency of ISUT.

The shale heating methods currently being test-
ed in laboratories and mines worldwide can be
categorized into four types: electric (resistance) ,
convection heating, microwave/electromagnetic
wave, and self-heating (exothermic reaction-
based heating) methods™?7#33-%2%1 (1) The ad-
vantages of electric heating are that it has a sim-
ple principle, equipment cost is low, and it is a
relatively mature technology. However, this
method relies on thermal conductivity; there-
fore, the heating rate is low, and heat loss due to
heat dissipation is substantial (Figure 4). There-
fore, the potential to improve its efficiency is
very low. In the convection heating method, af-
ter a group of wells is connected through fractu-
ring, the heating and production wells can be
mutually converted to allow uniform heating of
the shale formation. This is done based on the
convection of high-heat fluid and the heat con-
duction of shale. In theory, there is a notable re-
duction in heat conduction distance, thereby im-
proving the heating efficiency. Therefore, this
method has the potential to improve efficiency.
(2) From the laboratory perspective, microwave
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Fig.5 Influence of catalytic effect (activation energy E) on energy consumption ratio

heating allows instantaneous volumetric heating
with high heating speed, low heat dissipation,
and high thermal efficiency. Therefore, this
method has a high potential to improve efficien-
cy. However, direct microwave heating is char-
acterized by low penetration depth. Which means
that, the heating process still relies on the low-
efficiency heat conduction of shale beyond the
penetration depth. Hence, novel technical solu-
tions to increase the penetration depth should be
explored. In addition, further studies are needed
on the use of microwave equipment smaller than
the well diameter to propagate electromagnetic
waves into the shale formation efficiently. (3) In
the self-heating method, the shale formation is
heated by the energy generated via the combus-
tion of organic matter. The efficiency of this
method could potentially be improved by utilizing
the organic matter present in the shale forma-
tion. However, further studies should be conduc-
ted on novel methods to initiate the reaction at
fixed points and carry out the experiment in a
controllable and efficient manner when the or-
ganic matter is dispersed. Although the latter
three technologies are not as mature as the elec-

tric heating technology, they are worth exploring
because they have the potential to overcome the
challenge of inefficient heat conduction in shale.
4.2 Impact of catalytic effect (activation energy
for hydrocarbon generation) on energy con-
sumption ratio and ways to improve efficiency
By changing the activation energy in Eq.(9)
while keeping other conditions/parameters fixed
(Figure 5a), we simulated the temperature, time
(Figure 5b), and corresponding energy consump-
tion rate (Figure 5c¢) required for the effective
cracking of organic matter in the production
well. The results showed that the temperature re-
quired for effective pyrolysis of organic matter in
the production well decreased from 273.1 to
172.6 'C, the heating time decreased from 15.6 to
4.9 years, and there was a notable improvement
in the energy consumption ratio as the activation
energy decreased. This was because a lower acti-
vation energy of hydrocarbon generation leads to
a lower temperature and a shorter time required
for the effective pyrolysis of kerogen. Therefore,
the energy consumption through heat absorption
and conduction by the shale formation is reduced,
and a higher energy consumption ratio is achieved.
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An effective method for reducing the activa-
tion energy of the pyrolysis reaction is by adding
catalysts. Therefore, exploring catalytic effect-
based technologies to improve the efficiency of
hydrocarbon generation from organic matter is
one of the most effective ways to improve the o-
verall efficiency of ISUT. Moreover, this would
be difficult to achieve using electric heating
fluid convection and exo-
thermic reaction methods have the potential to
carry catalysts by means of fracturing fluids. Ne-
to et al.”® showed that when oil shale is heated

methods; however,

with microwaves, the temperature required for
pyrolysis was reduced by 80 C in comparison to
the conventional heating temperature (380 C).
In addition, the temperature required for pyroly-
sis was reduced to 245 C after the addition of a
5% acidic molecular sieve catalyst. These results
suggest that the electromagnetic wave heating
method may have a catalytic effect and thus re-
quire less energy input and a lower temperature
to achieve the same results as conventional heat-
ing methods.

Among the four heating technologies described
above, the latter three have the potential for im-
proved efficiency because of their catalytic effect.
4.3 Effect of heat source temperature

As shown in Figure 6, when the heat source
temperature increased from 500 to 900 C, the
full-cracking time of organic matter in the pro-
duction well shortened (corresponding to a slight
increase in temperature). Thus, using a high-
temperature heat source can save time and reduce
costs. However, increasing the temperature of
the heat source produced a high-temperature
field near the heating well, which led to in-

creased energy consumption by the inorganic
300
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minerals and a slight, albeit relatively insignifi-
cant, decrease in the energy consumption ratio
(Figure 3). Therefore, we concluded that the o-
verall effect of heat source temperature on the
heating efficiency is small.
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Fig.6 Effect of heat source temperature on heating well

4.4 Effect of heating cable radius

Figure 7 illustrates the effect of heating cable
radius on the heating time (Figure 7a) and ener-
gy consumption ratio (Figure 7b). The results in-
dicated that a larger heating cable radius leads to
a larger area of heat transfer and a shorter heat-
ing time, which can reduce the time cost signifi-
cantly while reducing the energy consumption ra-
tio. However, large heating wells are generally
not cost-effective when considering the high cost
of drilling bore wells.
4.5

Figure 8 illustrates the effect of the well layout
on the heating effect. It is evident that when a
dual-well layout of horizontal (mode H-1) and
vertical wells (mode V-1) is used with the same
well spacing (half the shale formation thickness,
15 m), the energy consumption ratios of the hor-
izontal wells are considerably higher than those of

the vertical wells. This is because the heat source is
8
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Fig.7 Effect of heating cable radius  (heating well diameter)
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placed in the shale formation when horizontal wells
were used; this heats the shale formation, and
heat dissipates into the surrounding rock only af-
ter the thermal conduction reaches the upper and
lower boundaries of the shale formation. In con-
trast, the heat is dissipated into the surrounding
rock from the onset of the heating process when
vertical wells are used.

The heating times and energy consumption ra-
tios differed for the various layouts of horizontal
wells when the horizontal spacing was 15 m. It is
evident from Figure 8c that the time required for
heating the production well to the temperature
required for complete cracking (96%) of organic
matter is 10.3 years when the double-well layout
(H-1) is used. The heating time for the four-well
layouts is considerably shorter, i.e., 6.6 and 2.8
years for the H-2 and H-3 layouts, respectively.
These results can be attributed to the higher
number of heat sources and the consequent in-
crease in heat supply intensity. In addition, the
higher heating rate in the H-3 layout was related
to the shorter spacing between the upper and
lower heating wells and the intermediate produc-
tion well. In terms of the energy consumption ra-
tio, multiple-well layouts yield slightly better re-
sults, with the H-3 layout having a slightly lower
ratio than the H-2 layout. This is related to the
fact that the upper and lower heating wells in the

H-3 layout are closer to the shale formation boundary;
more heat dissipates into the sur-
rounding rock. Overall, the use of multi-well lay-
outs improves the energy consumption ratio and
significantly reduces the time cost, but increases
the drilling cost. Therefore, it is necessary to
comprehensively consider the energy consump-

therefore,

tion ratio and time and engineering costs and
quantitatively determine an overall optimization plan.
4.6 Effect of model dimensions on heating
Figure 9 illustrates the effect of model dimen-
sionality on the effectiveness of shale heating.
The one-dimensional conduction model appears
to have the most effective heating process. For
example, when the well spacing (d) is 10 m, the
production well reaches a temperature of 300 C
in 2.0 years, and in the two- and three-dimen-
sional models, the heating process requires 20.5
and 190 years, respectively (Figure 9). This is
because the one-dimensional model ignores heat
conduction in other dimensions, i.e., no heat dif-
fusion occurs, as if thermal insulation conditions
exist. This unreasonable assumption is often used
in numerical simulations of in situ heating opera-
tions®® . The thermal efficiency of shale forma-
tion is often significantly overestimated because the
heat dissipation in other dimensions is neglected. The
assumptions of the two-dimensional conduction
model are reasonable in specific situations. For
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Fig.9 Effect of model dimensions on heating

example, when the horizontal well section is
long, the heat conduction along the shaft direc-
tion can be ignored to a certain extent. However,
in layouts with vertical wells, the heat dissipation
along the well axis direction (toward the sur-
rounding rock) cannot be neglected because the
length of the well section is typically short; there-
fore, a corresponding three-dimensional model must
be established to accurately characterize the heat dis-
sipation in this type of well layout.

5 Conclusion

In this study, we presented a quantitative eval-
uation of ISUT of oil shale from the perspective
of the energy conservation principle. The results
are as follows:

(1) Energy gain from the oil and gas pro-
duced by pyrolysis was approximately 18.9—-29.9
times the energy consumed during the pyrolysis
of organic matter (energy consumption ratio).
This confirms that this technology may be eco-
nomically feasible. After considering the effect
of heat absorption by the inorganic components
of shale and heat dissipation to the surrounding
rock, the energy consumption ratio increased
with TOC content. Under certain conditions, the
TOC content corresponding to the energy con-
sumption ratio of 1 is approximately 1.1%, and
when the TOC is lower than this value, the ener-
gy consumption of the pyrolysis process exceeds

the energy gain of the generated oil and gas; thus,
the process is economically infeasible. When the
energy consumption ratio is 3, the corresponding
TOC content is approximately 4.2% , which indi-
cates that the project costs can be offset through
large-scale operation when the TOC content ex-
ceeds this value. Thus, the energy consumption
ratio after considering the engineering costs
should be>>1. Under these conditions, ISUT can
be economically feasible. Notably, a higher TOC
content results in a higher energy consumption
ratio; for example, when TOC content=18%,
the energy consumption ratio is as high as 7. In
such instances, it would be more beneficial to ex-
plore different technical approaches to improve
the economic feasibility of the method.

(2) The well layout has a significant impact on
the energy consumption ratio. When other condi-
tions were similar, the energy consumption ratio
of the horizontal well was significantly higher
than that of the vertical well. Therefore, the
horizontal well layout was the preferred layout
when using ISUT. The multi-well layout only
slightly increased the energy consumption ratio
and significantly reduced the time cost; howev-
er, it significantly increased the drilling cost.
Therefore, the energy consumption ratio and time
and engineering costs must be considered while
quantitatively evaluating novel methods for im-
proving the economic feasibility of ISUT. Over-
all, it can be concluded that a reasonable layout
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of heating and production wells can improve the
efficiency of the technology.

(3) The energy consumption ratio was the
highest when the horizontal well spacing was half
the thickness of the shale formation. The energy
consumption ratio was lower when the horizontal
well spacing was smaller or greater than half the
shale formation thickness. A well spacing that is
too large can lead to increased heat dissipation to
the surrounding rock formation, and a well spac-
ing that is too small can result in insufficient
heating of the shale formation boundaries, while
increasing the drilling costs. The electric heating
technology has a very high time cost because of
the poor heat conduction of shale and the conse-
quent low heating efficiency. Therefore, the sec-
ond important way to increase the efficiency of
ISUT is to explore alternative heating technolo-
gies such as convection and electromagnetic heat-
ing methods.

(4) Catalytic effects can effectively reduce the
temperature and time cost of the pyrolysis reac-
tion while reducing the energy consumption due to
heat absorption by shale and heat dissipation to the
surrounding rock. This leads to an increase in the en-
ergy consumption ratio. Therefore, the third impor-
tant way to increase the efficiency of ISUT is to ex-
plore the use of non-electric heating technologies
with catalytic effects to improve the efficiency of hy-
drocarbon generation from organic matter.

References
[1] ZOUCN, TAOS Z, HOU L H. Unconventional Petrole-
um Geology [ M]. Beijing: Geological Publishing House,
2014.

JIACZ, ZOU CN, YANG Z. Significant progress of con-
tinental petroleum geology theory in basins of Central and

(2]

Western China [J ]. Petroleum Exploration and Develop-
ment, 2018, 45(4) . 546-560.

ZHAIW Z, HUS Y, HOU L H, et al. Connotation and
strategic role of in-situ conversion processing of shale oil

[3]

underground in the onshore China[J]. Petroleum Explora-
tion and Development, 2018, 45(4). 537-545.

LU S F, HUANG W B, CHEN F W, et al. Classification
and evaluation criteria of shale oil and gas resources: dis-

(4]

cussion and application[J]. Petroleum Exploration and De-
velopment, 2012, 39(2) . 249-255.

LUSF, XUE HT, WANG M. Several key issues and re-
search trends in evaluation of shale oil[J]. Acta Petrolei
Sinica, 2016, 37(10). 1309-1322.

LUSF, XUE H T. Formation conditions,

[5]

[6]

occurrence

[7]

[8]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

mechanism and enrichment distribution of shale oil [ M].
Beijing: Petroleum Industry Press, 2021.

CHEN X, WANG M, YAN Y X, et al. Continental shale
oil exploration[ M]. Beijing: Petroleum Industry Press, 2015.
LIUB, LVY F, MENG Y L, et al. Petrologic characteris-
tics and genetic model of lacustrine lamellar fine-grained
rock and its significance for shale oil exploration: A case
study of Permian Lucaogou Formation in Malang sag, San-
tanghu Basin, NW China[J]. Petroleum Exploration and
Development. 2015, 42(5). 598-607.

ZHAO X Z, ZHOU L H, PU X G, et al. Geological char-
acteristics of shale rock system and shale oil exploration
breakthrough in a lacustrine basin: A case study from the
Paleogene 1st sub-member of Kong 2 Member in Cangdong
sag, Bohai Bay Basin, China[J]. Petroleum Exploration
and Development, 2018, 45(3). 361-372.

ZHID M, TANG Y, YANG Z F, et al. Geological charac-
teristics and accumulation mechanism of continental shale
oil in Jimusaer sag. Junggar Basin[J]. Oil & Gas Geology .
2019, 40(3): 524-534.

FUJH, LIU X Y, LIS X, et al. Discovery and resource
potential of shale oil of Chang 7 member, Triassic Yan-
chang Formation. Ordos Basin[J]. China Petroleum Explo-
ration, 2021, 26(5). 1-11.

HE W Y, MENG Q A, FENG Z H, et al. In-situ accumu-
lation theory and exploration & development practice of
Gulong shale oil in Songliao Basin[J]. Acta Petrolei Sinica,
2022, 43(1). 1-14.

ZHANG Y Q. “Small Targets” for Natural Gas[ J]. Energy
Review, 2017(2): 1.

LIU Z J, LIU R. Oil shale resource state and evaluating
system[ J ]. Earth Science Frontiers (China University of
Geoscience, Beijing; Peking University), 2005(3): 315-
323.

LISY, TANG X, HEJ L, et al. Global oil shale develop-
ment and utilization today: two oil shale symposiums held
in 2012[J]. Sino-Global Energy. 2013, 18(1): 3-11.

CUIJ W, ZHU R K, HOU L H, et al. Shale in-situ mining
technology status quo of challenges and opportunities[J ].
Unconventional oil & gas, 2018, 5(6): 103-114.

YANG Z, ZOU C N, FUJ H, et al. Selection of pilot are-
as for testing in-situ conversion/upgrading processing in la-
custrine shale: a case study of Yanchang-7 member in Or-
dos Basin[J]. Journal of ShenzhenUniversity Science and
Engineering, 2017, 34(3): 221-228.

WALL E T. Method and apparatus for recovering carbon
products from oil shale: US[P]. 1983.

BARTISJ T, LATOURRETTE T, DIXON L, et al. Oil
shale development in the United States: prospects and policy is-
sues[ R]. Santa Monica, CA: The RAND corporation, 2005.
HAROLD. Harold Vinegar Shell’s in-situ conversion process
[R]. Colorado: 26th Oil Shale Symposium, 2006.

FOWLER T D, VINEGAR H J. Oil shale ICP - Colorado
field pilots_ R]. San Jose: SPE Western Regional Meeting,
2009.

LEVERETTE H M. Status and plans for the U.S. depart-
ment of interior program for development of oil shale and
oil sands[ R]. Colorado: 31th Oil Shale Symposium, 2011.



LU Shuanglang, WANG Jun®, LI Wenbiao. et al./ # F % % (Earth Science Frontiers)2022, 29 (6) 15

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

TANAKA P L. YEAKEL J D. SYMINGTON W A, et al.
Plan to test ExxonMobil’s in situ oil shale technology on a
propose RD&A lease[ R]. Colorado: 31th Qil Shale Sympo-
sium, 2011.

MARK D L. Chevron’s plans for rubblization of Green
River Formation oil shale (Gros) for chemical conversion
[R]. Colorado: 31th Oil Shale Symposium, 2011.

ALAN B. Initial results from the AMOSO RD&D pilot test
program[ R]. Colorado: 32th Qil Shale Symposium, 2012.
WANG Y P, WANG Y W, MENG X L, et al. Enlighten-
ment of American’s oil shale in-situ retorting technology
[J]. Oil Drilling & Production Technology, 2013, 35(6):
55-59.

KANG Z Q, ZHAO Y S, YANG D, et al. Physical princi-
ple and numerical analysis of oil shale development using in-
situ conversion process technology[J]. Acta Petrolei Sinica,
2008(4) : 592-595.

YANG D, ZHAO J, KANG Z Q, et al. Technology and
numerical analysis of in-situ electrical heating on oil shale
[J]. Journal of Liaoning Technical University (Natural Sci-
ence), 2010, 29(3): 365-368.

WANG Q W. Experimental on thermal and electrical physi-
cal properties of oil shale in Jilin Huadian area[ D]. Chang-
chun: Jilin University, 2011.

WANG Q, ZHANG L, BAI J R, et al. The influence of
microwave drying on physicochemical properties of Liushu-
he oil shale[J]. Oil Shale, 2011, 28. 29-41.

WANG Q. GU Z Y. BAIJ R, et al. Comparative study of
the characteristics of oil shale with hot air drying and mi-
crowave drying[J]. Energy Procedia, 2012, 17. 884-891.
ZHAO L. Experimental study on in-situ mining based over-
heat steam convection heating oil shale [ D ]. Taiyuan:
Taiyuan University Of Technology, 2015.

XIA T. Research on in-situ electrical heating development
of oil shale reservoir by numerical simulation[D]. Qingdao:
China University of Petroleum (East China), 2015.

XUE J X, LIU Z H. Numerical simulation of the tempera-
ture field distribution of oil shale under in-situ process by
the electricity heating method[J]. Chinese Journal of Un-
derground Space and Engineering, 2015, 11(3): 669-672.
WANG Y D, WANG X Y, XING Y F, et al. Three-di-
mensional numerical simulation of enhancing shale gas de-
sorption by electrical heating with horizontal wells [J].
Journal of Natural Gas Science and Engineering, 2017, 38:
94-106.

WU Y B. WANG H Z, JIANG Y W. Well pattern optimi-
zation for in-situ conversion process in shale oil reservoirs
[C]. IFEDC-20182137, Xi’an: Shanxi Petroleum Society,
2018 955-963.

ZHANG B, YU C, CUIJ W. Kinetic simulation of hydro-
carbon generation and its application to in-situ conversion
of shale oil[J]. Petroleum Exploration and Development,
2019, 46(6): 1212-1219.

Haibei Energy. 15 E&P technologies affecting the future of
the oil and gas industry[ EB/OL]. https://mp.weixin.qq.
com/s/jYp8ikVYo4DtSTeloUr66A, 2019-1-18.

BEHAR F, VANDENBROUCKE M. Chemical modelling of
kerogens[ J]. Organic Geochemistry, 1987, 11(1): 15-24.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

FU J M. QIN K Z. Kerogen Geochemistry[ M]. Guang-
dong: Guangdong Science and Technology Press, 1995:
373-436.

LU S F, ZHANG M. Oil and Gas Geochemistry[ M]. Bei-
jing: Petroleum Industry Press, 2018. 1-316.

UNGERER P. State of the art of research in kinetic model-
ling of oil formation and expulsion[J]. Organic Geochemis-
try, 1990, 16(1). 1-25.

LU S F. Theory and Application of hydrocarbon formation
kinetics of organic matter[ M. Beijing: Petroleum Industry
Press, 1996:. 1-199.

LU S F, LI D, WANG Y W, et al. Resource evaluation
method for generating condensate oil and light oil from sa-
propelic organic matter and its application[J]. Acta Petro-
lei Sinica, 2007, 28(5). 63-67.

XINGQY, PEI W W, XU R Q, et al. Basic Organic
Chemistry (D[ M]. Beijing: Higher Education Press, 2005
1-598.

WANG Q, ZHANG Y, CHI M S. Pyrolysis properties of
kerogen and the determination of aliphatic content of chain
[J]. Acta Petrolei Sinica (Petroleum processing section) ,
2017, 33(4): 771-776.

WANG T F, LU S X, ZHU Y J. Study on the thermal
properties of Chinese oil shale [[ . The measurement of spe-
cific heat of oil shale, char and spent shale[J]. Journal of
Fuel Chemistry and Technology, 1987(4): 311-316.
ZHOU K, SUN Y H, LI Q, et al. Experimenta; research
about thermogravimetric analysis and thermal physical
properties of Nong’an oil shale[J]. Global Geology. 2016,
35(4): 1178-1184.

CUIJ W, HOU L H, ZHU R K, et al. Thermal conductiv-
ity properties of rocks in the Chang 7 SHALE STRATA IN
THE Ordos Basin and its implications for shale oil in-situ
development[J]. Petroleum Geology & Experiment, 2019,
41(2) . 280-288.

Ministry of Construction of the People’s Republic of China,
General Administration of Quality Supervision, Inspection
and Quarantine of the People’s Republic of China. GB
50366—2005 Technical code for ground-source heat pump
system [ S]. Beijing: China Construction Industry Press.,
2009: 11-30.

SNEDDON IN. Fourier transforms[ M |. Princeton: Prince-
ton University Press, 1950: 1-542.

WANG S P, LIU D X, WANG H H, et al. Current situa-
tion and development potential of electric heating process
of in-situ oil shale conversion[J]. Natural Gas Industry.
2011, 31(2): 114-118.

LIU D X, WANG H Y. ZHENG D W, et al. World pro-
gress of oil shale in-situ exploitation methods[J]. Natural
Gas Industry, 2009, 29(5). 128-132.

NETO A, THOMAS S, BOND G, et al. The oil shale
transformation in the presence of an acidic BEA zeolite un-
der microwave irradiation[J]. Energy & Fuels, 2014, 28
(4): 2365-2377.

WU M. The study of electric heating on hydrocarbon gen-
eration and pores evolution of shale in North Songliao Basin
[D]. Qingdao: China University of Petroleum (East Chi-
na), 2020.



