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Abstract: It's well known that existing horizontal well drilling and hydraulic fracturing technology
that is used to achieve large-scale cost-effective production from immature to low-moderate
maturity continental shale in China, where the organic matter mainly exists in the solid form is fairly
ineffective. To overcome the obstacles, in-situ conversion technology seems feasible, while
implementing it in the target layer along with estimating the amount of expected recoverable
hydrocarbon in such shale formations seems difficult. This is because there is no guideline to choose
the most appropriate method and select relevant key parameters for this purpose. Hence, based on
thermal simulation experiments during the in-situ conversion of crude oil from the Triassic Chang
73 Formation in the Ordos Basin and the Cretaceous Nenjiang Formation in the Songliao Basin, this
deficiency in knowledge was addressed. First, relationships between the in-situ converted total
organic carbon (TOC) content and the vitrinite reflectance (Ro) of the shales and between the
residual oil volume and the hydrocarbon yield was established. Second, the yields of residual oil
and in-situ converted hydrocarbon were measured, revealing their sensitivity to fluid pressure and
crude oil density. In addition, a model was proposed to estimate the amount of in-situ converted
hydrocarbon based on the TOC, hydrocarbon generation potential, Ro, residual oil volume, fluid
pressure, and crude oil density. Finally, a method was established to determine key parameters on
the final hydrocarbon yield from immature to low-moderate maturity organic material during in-
situ conversion in shales. Following the procedure outlined in this paper, estimated recoverable in-
situ converted oil in the shales of the Nenjiang Formation in the Songliao Basin was estimated to be
approximately 292x108 tons, along with 18.5x10'2 cubic meters of natural gas, in an area of
approximately 8x10* square kilometers. Collectively, the method developed in this study is
independent from the organic matter type and other geological and/or petrophysical properties of
the formation and can be applied to other areas globally where there isn’t any available in-situ
conversion thermal simulation experimental data.

Keywords: immature to low-moderate maturity shale; in-situ conversion; recoverable hydrocarbon
reserves; thermal simulation experiment; Nenjiang Formation in the Songliao Basin

1. Introduction

Shale oil has become an important source of energy in the exploitation of global hydrocarbon
reserves [1-4]. The most developed continental shale in China is mainly distributed in northern areas
such as the Ordos, Songliao, Bohai Bay, and Junggar basins, which cover an area of approximately
400,000 square kilometers, with 200,000 square kilometers of it comprised of layers containing ultra-
rich organic matter (TOC > 4 wt.%) and Ro values less than 1.0% [5-8]. China has focused geological
studies on shale oil since 2010, especially on key technological breakthroughs and exploration
dimensions [9-12]. Moreover in 2023, there were over 2500 horizontal wells and the shale oil yield
reached 342x10* t. However, global shale oil exploration and development practices have revealed
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that the existing horizontal well and hydraulic fracturing techniques are not able to achieve cost-
effective development of immature to low-moderate maturity shale hydrocarbon reserves [13-17].
Herein, main reasons are the low maturity of the organic matter in such shale layers, low hydrocarbon
conversion rate of the convertible organic matter, undeveloped organic pores, poor reservoir
connectivity, and a low gas-oil ratio (GOR). Therefore, new technologies should be developed for
extraction of hydrocarbons, particularly from immature to low-moderate maturity shales.

Hubbert proposed a peak oil production theory in 1956 which led many countries and
companies to target immature to low-moderate maturity shale oil to increase hydrocarbon
production [18]. In this respect, a number of international oil companies such as Shell, ExxonMobil,
and Total have initiated research on the in-situ conversion of shale oil and have conducted field
experiments on various in-situ conversion techniques [14,15,19,20]. In addition, the in-situ electrical
heating conversion technology that was proposed by Shell is the most prominent technique to date,
since 1960s. They believe that the electrical heating in-situ conversion technology is the preferred
method, based on a number of field trials that have been successfully conducted [8-10]. Moreover, in
comparison to other existing technologies for this purpose, this technology has been confirmed to be
the most feasible option for hydrocarbon extraction from immature to low-moderate maturity shales.

In-situ conversion can be considered to be a physicochemical process in which underground
heating of shale facilitates the rapid conversion of convertible solid organic matter and residual oil
into light oil and natural gas, leaving the coke and other remaining residues underground. In-situ
conversion technology has four main advantages: nearly 100% conversion rate of convertible organic
matter into hydrocarbons, a hydrocarbon recovery rate of greater than 60%, light oil production
(crude oil gravity of 35-49°API), and the ability to achieve clean extraction and minimize damage to
the environment [10].

The basis of a cost-effective development of such technology can be considered as accurately
estimating the recoverable hydrocarbon reserves through the in-situ conversion of shales and the
selection of suitable areas [17]. Based on the results of thermal simulation experiments on the 73 shale
in the Triassic Yanchang Formation in the Ordos Basin, in this study, we established an evaluation
and area selection method for in-situ conversion of the hydrocarbon yield based on the total organic
carbon (TOC) content and vitrinite reflectance (Ro) and assessed the recoverable hydrocarbon
reserves in the study area. However, the amount of yield and oil-gas ratios from converted organic
material could vary due to the difference in the types of organic matter and the hydrocarbon
generation potential of them in different basins, regions, and strata. In addition, the existing methods
for the evaluation of recoverable hydrocarbon do not consider these factors, so they are only
applicable to areas where thermal simulation experiments have been conducted and relevant models
have been established. The uncertainties in the evaluation of recoverable resources can be significant
if the existing methods are used in areas where thermal simulation experiments have not been
conducted or where there are significant variations in the organic matter types in the shale samples
that have been used to conduct such simulations. Therefore, these models might not be necessarily
universal and applicable to all areas.

In order to establish a model that is universal for assessing the recoverable hydrocarbon through
in-situ conversion of immature to low-moderate maturity shales, in-situ conversion thermal
simulation experiment results for the 73 shales in the Triassic Yanchang Formation in the Ordos Basin
and the Cretaceous Nenjiang Formation in the Songliao Basin were utilized. This model is based on
the TOC content, vitrinite reflectance (Ro), hydrocarbon generation potential, residual hydrocarbon
volume, and fluid pressure, thus, it can be applied to most areas and provides a reliable guideline for
estimating the recoverable hydrocarbon through in-situ conversion of immature to low-moderate
maturity shales. According to the shale distribution in the global scale and related parameters, the
estimated global recoverable oil reserves through the in-situ conversion of immature to low-medium
maturity shale should be approximately 1.4x102 tons, and the estimated global recoverable natural
gas resources approximately 1.1x10% cubic meters. The estimated recoverable oil resources in China
exceeds 7x10% tons, and the estimated recoverable natural gas resources is more than 6.5x10% cubic
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meters. Finally, a criterion is proposed based on the results from the Nenjiang Formation in the
Songliao Basin as an example for the selection of the best target layer.

2. Samples and Experimental Methods

The recoverable hydrocarbons from in-situ conversion of immature to low-moderate maturity
shale include hydrocarbons generated via thermal decomposition of convertible organic matter,
hydrocarbons generated via thermal decomposition of the residual oil in the shale, and the natural
gas retained in the shale. In this study, we established a method for evaluating the amount of
recoverable hydrocarbon based on in-situ thermal simulation and conversion of material
experiments.

2.1. Samples

The samples used in the in-situ conversion thermal simulation experiments conducted in this
study are both bulk shale and crude oil.

2.1.1. Shale Samples

The shale samples were collected from the Triassic Yanchang Formation 73 in the Ordos Basin
and the Cretaceous Nenjiang Formation in the Songliao Basin. Detailed information about the
samples is presented in Table 1, and details regarding the procedures in measuring these values can
be found in our previous paper [21]. The shale samples of the Nenjiang Formation were collected
near Nongan area, which is in the southern part of the Songliao Basin (Figure 1). The burial depths
of the samples were 233 to 246 m, and five shale samples with different TOC contents were selected
for the experiments. The samples were crushed to 40 to 60 mesh, and then, the selected samples were
mixed thoroughly and were separated into several portions. The detailed information about the
crushed samples is summarized in Table 2 following the methods previously used on samples in

Table 1.
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Figure 1. Correlation between pyrolysis temperature and Ro.

Table 1. Basic geochemical data of the original unheated shale samples of Chang7s formation in
Ordos Basin.

Samples Number No.1 No.2 No.3 No4 No.5 No.6 No.7 No.8 No.9
TOC, wt.% 051 203 350 503 644 851 1334 20.67 2599
52, mg/g rock 199 8.60 1728 2453 32.06 4242 67.17 111.95 138.20

Tmax, °C 435 433 429 432 431 433 429 428 427
HI, mg/g TOC  388.1 423.0 4945 4879 4982 498.6 503.5 541.5 531.8
Ro, % 043 046 047 047 047 047 048 047 048

Qraor, mg/g TOC 1398 2.02 334 3.08 342 354 3.68 422 415
Qracr, mL/g TOC 092 119 178 177 181 185 191 2.08 2.07



https://doi.org/10.20944/preprints202405.0272.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2024 doi:10.20944/preprints202405.0272.v1

Table 2. Basic geochemical data of the original unheated shale samples of Nenjiang formation in
Songliao Basin.

Samples Number No.1 No.2 No3 No4 No5

TOC, wt.% 3.57 6.03 7.69 8.76 11.41
S2, mg/g rock 30.04 5116  65.68 7439 9795
Tmax, °C 426 426 425 425 424

HI, mg/g TOC 841.34 84839 854.15 849.25 858.45
Ro, % 0.37 0.37 0.37 0.38 0.38

Qraor, mg/g TOC 8.11 8.13 8.14 8.13 8.15
Qract, ml/g TOC 1.93 1.95 1.96 1.95 1.97

2.1.2. Crude Oil Samples

The crude oil samples used the in-situ conversion thermal simulation experiments conducted in
this study were collected from five different locations, including the Bohai Bay Basin, Ordos Basin,
and Junggar Basin in China. The densities of the liquid oil were 0.85 g/cm?, 0.87 g/cm?3, 0.92 g/cm?,
0.95 g/cm?, and 1.06 g/cm?.

2.2. Experimental Setup and Procedure

In this study, the experimental setup and procedure used for the thermal simulation experiments
on the crude oil and the Nenjiang Formation shale samples were the same as those for the Yanchang
Formation 73 shale samples that are fully explained in our previous study [21].

2.2.1. Temperature and Thermal Simulation Hydrocarbon Production Experiment

During the thermal simulation experiments, the fluid pressure was set to 5 MPa (725 Psi) and
the hydrocarbon venting pressure was set to 7 MPa (1025 Psi). The temperature was increased at a
rate of 20°C/d until each preset temperature was reached (first temperature point set as 200°C), and
the samples were heated to the preset temperature at a rate of 5°C/d. Then, a constant temperature
was maintained for 10 hours. The thermal simulation experiments were conducted on the five shale
samples from the Nenjiang Formation in the Songliao Basin. The residual TOC, Ro, and hydrocarbon
yield are reported in Table 3.
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Table 3. Oil and gas yield, temperature and Ro characteristics of samples after pyrolysis experiments of Nenjiang formation in Songliao basin.

Sample number

3

®

=

=

7]

o)

)

8

s

s

o

o

i

Pyrolysis Average Average %

No.1 No.2 No.3 No.4 No.5 o

Temperature,°C T, °C Ro, % =

T,OC RO,% Qoil ans T,OC RO,% Qoil ans T,OC RO,% Qoil ans T,OC RO,% Qoil ans T,OC RO, % Qoil ans :
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2.2.2. Fluid Pressure and Thermal Simulation Hydrocarbon Production Experiment

Five fluid pressure levels were set during the experiments: 0 MPa (0 Psi), 0.7 MPa (100 Psi), 1.7
MPa (250 Psi), 3.5 MPa (500 Psi), and 5 MPa (725 Psi). The temperature was increased at a rate of
20°C/d until it reached 200°C, and the samples ware heated to the preset temperature of 425°C at a
rate of 5°C/d. Then, the samples were kept at a constant temperature for 10 hours. The original
geochemical parameters of the shale samples and the hydrocarbon production from the experiments
following different fluid pressure conditions are summarized in Table 4.

Table 4. Basic geochemical data of the original unheated shale samples and oil & gas yield.

Basic geochemical Pressure, Psi/MPa Qil yield, mg/g rock Gas yield, mL/g rock
TOC, wt.% 7.82 0/0 108.34 6.30
S2, mg/g 91.97 8.40
66.77 100/0.7
rock
Tmax, °C 425 250/1.7 64.16 10.34
HI, mg/g 41.52 12.77
853.78 500/3.5
TOC
Ro, % 0.37 725/5 33.18 15.87

2.2.3. Crude Qil In-Situ Conversion Thermal Simulation Hydrocarbon Production Experiment

In order to determine the contribution of the residual oil to the hydrocarbon produced during
in-situ conversion, first, we heated the shale samples to 800°C and maintained this temperature for
48 hours. Second, the cooled sample residues were extracted using dichloromethane, and the
extracted residue was heated at 80°C for 48 hours. Finally, the crude oil was mixed with the residues
at a mass of 5 wt.%, and then, the temperature was increased at a rate of 5°C/d while fluid pressure
was set to 2 MPa (290 Psi), 5 MPa (725 Psi), and 10 MPa (1450 Psi).

3. Results and Discussion

3.1. Relationship between Temperature and Ro in Thermal Simulation Experiment

The Ro values of the shale samples at different thermal simulation temperatures were measured
on all samples from the Nenjiang Formation following each step of thermal simulation experiments.
It was found that there is a strong positive exponential correlation between Ro and the thermal
simulation temperature (Figure 1). In addition, a relationship between Ro and the temperature
(Equation (1)) was established, which is necessary for defining the hydrocarbon generation model.

R, = a; x e%T, (1)

where Ro is vitrinite reflectance (%); T is the thermal simulation temperature (°C); a1 and a2 are
empirical coefficients with values of 0.1356 and 5.692x1073, respectively.

3.2. Method of Evaluating Hydrocarbon Production via In-Situ Conversion of Solid Organic Matter in Shale

The extraction target of in-situ conversion is shale with a certain burial depth and thermal
maturity. The organic matter in shale consists of solid organic matter that can be converted into
hydrocarbons and retained hydrocarbons, which are transformed into light oil and natural gas and
can be extracted during the conversion processes. The amount of extracted light oil and natural gas
can be defined as the recoverable hydrocarbon and can also be considered to be the hydrocarbon
yield in the thermal simulation experiments. Therefore, the hydrocarbons produced via the in-situ
conversion of immature to low-moderate maturity shale include both solid organic matter and the
retained hydrocarbons.
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3.2.1. Basic Model for Evaluating Hydrocarbon Production via In-Situ Conversion of Solid Organic
Matter

The shale samples used in the thermal simulation experiments should have been influenced by
the storage period and the crushing method. Due to the complete loss of the retained hydrocarbons
in the shale, the hydrocarbon yield obtained in the thermal simulation experiments was considered
to be mainly from the solid organic matter. The results of the thermal simulation experiments
conducted in this study indicate that the hydrocarbon yield from the in-situ conversion of the solid
organic matter in different types of shale was consistent with the variations in Ro, that is, the
hydrocarbon yield decreased as Ro increased. The relationship between Ro and the hydrocarbon yield
via in-situ conversion of the shale of the Nenjiang Formation is shown in Figure 2, and the
relationship between the hydrocarbon produced and Ro is shown in Figure 3. For the same Ro value,
there are differences in the hydrocarbon yield and gas-oil ratio of the shale samples with different
TOC contents and organic matter types.

50 25
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Figure 2. Yield of the remaining hydrocarbons with increasing Ro. (a) remaining yield of oil, (b)
remaining yield of gas.
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Figure 3. Yields of oil and gas with increasing Ro. (a) yield of oil, (b) yield of gas.

Based on the experimental results obtained from 99 different group, from nine shale samples
retrieved from the 73shale of the Yanchang Formation in the Ordos Basin, a model for estimating the
amount of hydrocarbon yield via the in-situ conversion of solid organic matter based on the TOC and
Ro was established. Equations (2) and (3), represent the cumulative oil and gas produced,
respectively:

Qpo = by X [(b2R,> + b3R, + by)TOC + bsR,” + bgR, + by, ()
where Q,, is the cumulative oil production via in-situ conversion of the solid organic matter (mg/g
rock); Ro is the vitrinite reflectance (%); TOC is total organic carbon content (wt.%); and b1, b, bs, b,
bs, bs, and b7 are empirical coefficients with values of 2.319, 18.872, -22.784, 6.904, -6.507, 4.303, and
-0.632, respectively.

The proposed model for gas production via in-situ conversion of the solid organic matter is as
follows:

Qpg = bg X [(boR,? + byoR, + by;)TOC + by, InR, + bys),

®)
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where Q4 is the cumulative gas production via in-situ conversion of the solid organic matter (mL/g
rock); Ro is the vitrinite reflectance (%); TOC is the total organic carbon content (wt.%); and bs, by, b1,
bn, b1z, and b1 are empirical coefficients with values of 1.59231, 1.6821, —1.9765, 0.5819, -0.7199, and
—0.3481, respectively.

3.2.2. Method of Correcting Fluid Pressure on the Hydrocarbon Production via In-Situ Conversion

The results of the thermal simulation experiments from the solid organic matter under different
fluid pressure conditions suggest that the fluid pressure can control the final hydrocarbon
production. Under the same conditions, the oil production decreased and the gas production
increased, as the fluid pressure increased (Figure 4); therefore, the impact of fluid pressure has to be
considered when evaluating the hydrocarbon production via in-situ conversion of the solid organic
matter. Based on the results, a model for correcting the impact of fluid pressure on the hydrocarbon
production was developed (Equations (4) and (5)). This model provides a theoretical basis for
controlling the bottom-hole pressure of the heating wells, increasing oil production, decreasing gas
production, and improving the efficiency of the operation as a whole.
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Figure 4. Correlation between oil & gas yield and pressure.

The model for correcting the influence of the fluid pressure on the oil production from the solid
organic matter can be expressed as follows:
PR,; = c,e%P. 4)
The model for correcting the influence of the fluid pressure on the gas production from the solid
organic matter can be expressed as follows:
PRy, = c3P + cy. 5)
In these equations PR,;; represents the fluid pressure correction coefficient for oil production;
PRy is the fluid pressure correction coefficient for gas production; P is the fluid pressure (MPa);
and ¢y, ¢, c3, and ¢, are empirical coefficients with values of 3.1524, —0.2445, 0.1144, and 0.428,
respectively.

3.2.3. Method of Correcting Hydrocarbon Generation Potential of Shale

Due to differences in hydrocarbon generation potentials of shale samples containing different
types of organic matter, under the same thermal simulation conditions, discrepancies in the amount
of hydrocarbon yield during the in-situ conversion process should be expected. Therefore, it is
necessary to consider variability of the organic material on the results. Based on the Fischer assay ran
on the samples, the amount of hydrocarbon yield from the shale samples with varying thermal
maturities, the amount of hydrocarbon yield per unit mass of the total organic carbon content was
obtained. This notion is presented in a relationship for the amount of oil, Equation (6), and the amount
of gas (Equation (7)) as follows:

Qraor = d1R,* + daR, + ds, (6)
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where Qrgor represents the production per unit mass of total organic carbon content (mg/g.TOC); Ro
is the vitrinite reflectance (%); and d;, d,, and d; are empirical coefficients with values of -11.932,
9.891, and 6.181, respectively.

Qracr = daRo® + dsR, + de, 7)

where Qpyer is the gas production per unit volume of total organic carbon content (mL/g TOC); Ro
is the vitrinite reflectance (%); and d,, ds, and dg are empirical coefficients with values of —4.039,
4.641, and 0.707, respectively.

3.2.4. Corrected Model for Evaluating Hydrocarbon Production via In-Situ Conversion of Solid
Organic Matter

The model for hydrocarbon production via in-situ conversion of the solid organic matter can be
applied in most areas by considering the effects of fluid pressure and different types of organic matter
(Equations (8) and (9)) as follows:

_ QFa0T
onc - PRoil X m X on' (8)

where @, is the uncorrected cumulative oil yield via in-situ conversion of the organic matter (mg/g
rock); Qpoc is the corrected cumulative oil yield via in-situ conversion of the organic matter (mg/g
rock); PR, is the fluid pressure correction coefficients for oil production; Qpaor, is the oil
production per unit mass of total organic carbon content in the target layer of shale (mg/g TOC); and
Qraor,, is the oil production per unit mass of total organic carbon content for the shale sample used
in the thermal simulation experiments used to establish the in-situ conversion oil production
evaluation model (mg/g TOC). Similar approach can be followed to generate an equation for gas yield
as follows:

_ QFAGT,
Qpge = PRgas X QFAGT 4 Qpg )

where Q,, is the uncorrected cumulative gas production via in-situ conversion of the organic matter
(mL/g rock); Qpgc is the corrected cumulative gas production via in-situ conversion of the organic
matter (mL/g rock); PRy is the fluid pressure correction coefficients for gas production; Qraer,, is
the oil production per unit mass of total organic carbon content in the target shale layer (mg/g TOC);
Qracr,, is the oil production per unit mass of total organic carbon content of the shale sample used
in the thermal simulation experiments used to establish the in-situ conversion model (mg/g TOC).

3.3. Method of Evaluating the Contribution of the Residual Hydrocarbons to the Hydrocarbon Production via
In-Situ Conversion

Residual hydrocarbon exists in immature to low-moderate shales, which contributes to the
hydrocarbon production via in-situ conversion. In order to evaluate the contribution of the residual
hydrocarbons to the final output, it is necessary to determine the amount of residual hydrocarbon.

3.3.1. Method of Evaluating the Residual Hydrocarbon Reserves

The basic principle of evaluating the contribution of the residual hydrocarbons to the in-situ
conversion final product is done by accurately determining its amount. It is difficult to establish a
reliable model for evaluating residual hydrocarbons using naturally evolved in shale samples due to
the effects of measurement errors and limitations of Ro on the distribution of the residual
hydrocarbons in the samples. In this study, a model was established using the residual hydrocarbon
amounts obtained from the thermal simulation experiments on the shale samples. Moreover, the
obtained residual hydrocarbon amounts indicate that the residual oil initially increased and then
decreased and the residual gas increased with increasing Ro (Figure 5). This model is based on the
relationships between the residual hydrocarbon amounts and the TOC and Ro (Equations (10) and
(11)). In addition, in this study, the target shale layer for in-situ conversion is immature to low-
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moderate maturity shale, and the Ro values for the samples exposed to thermal simulation are less

than 0.9%.
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Figure 5. Retained oil and gas with increasing Ro. (a) retained oil, (b) retained gas.

The model for assessing the residual oil amount will be:
Ve % [fle(fZTOC)ROZ +f3 e(f4T0C)Ro+fse(f5T0C)]
Qro = V_f TOC !

(10)

where @, is the residual oil amount (mg/g rock); TOC is the total organic carbon content (wt.%); Ro
is the vitrinite reflectance (%); V; is the volume of residual oil per unit mass under the pressure and
temperature conditions of the thermal simulation experiment (m?); V; is the volume of the residual
oil per unit mass under the reservoir pressure and temperature conditions (m?); and fi, f2, f3, fs, f5, and
fo are empirical parameters with values, -54.832, 0.2306, 98.205, 0.2265, -36.58, and 0.2192,
respectively.

The model for obtaining the residual gas amount is:

W f,e(f8T00) (: +f10
Qrg = V—; X R R,V Toc, (11)

where Q,, is the residual gas amount (mL/g rock); TOC is the total organic carbon content (wt.%);
Ro is the vitrinite reflectance (%); V; is the volume of residual gas per unit mass under the pressure
and temperature conditions of the thermal simulation experiment (m?); V; is the volume of residual
gas per unit mass under the reservoir pressure and temperature conditions (m?); and f7, fs, fo, and fio
are empirical parameters with values of 2.7565, 0.2312, 6.586, and 2.4555, respectively.

3.3.2. Method of Evaluating the Contribution of the Residual Hydrocarbons to the Hydrocarbon
Production via In-Situ Conversion

Due to variations in the properties of the residual oil in shales with different thermal maturity
levels, the results of the thermal simulation experiments on shales with different crude oil densities
were analyzed as well in this study. The results confirmed the contribution of the residual oil with
different properties to the overall hydrocarbon produced during in-situ conversion. Moreover, the
thermal simulation experiments conducted in this study revealed that the amount of the hydrocarbon
yield are related to the crude oil density and fluid pressure (Figure 6), while the heating rate has a
relatively small impact on the total hydrocarbon produced.
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In this study, five crude oil samples were used in the thermal simulation experiments. In
addition, a model for obtaining the ratio of oil produced to the original oil consumption during
thermal simulation as well as the amount of produced gas per unit mass of the original oil
consumption were established.

The model for assessing the ratio of oil produced to the original oil consumed is:

Roit = g1 X P92 X p,93. (12)

The model for obtaining the amount of produced gas per unit mass of the original oil consumed
is defined as:
Rans = ga X P X py95 + ge. (13)

In these equations, R,;; is the ratio of the oil production to the original oil consumption (mL/g
oil); RQgqs is the gas production per unit mass of the original oil consumption (mL/g gas); p, is the
oil density during thermal simulation (g/cm?); P is the fluid pressure (MPa); and g1, g2, g3, Gas s,
and g are empirical coefficients with values of 0.6645, —0.432, —2.643, 0.02045, —4.44, and 0.0193,
respectively.

The amount of residual gas can be considered as the gas produced since there will not be any
further cracking of gas during the in-situ conversion process.

3.4. Method of Evaluating Recoverable Hydrocarbon Reserves via In-Situ Conversion of Immature to Low-
Moderate Maturity Shale

3.4.1. Model for Evaluating the In-Situ Converted Recoverable Hydrocarbons per Unit Mass of
Shale

The final product from the in-situ conversion of immature to low-moderate maturity shale
samples consists of three components: hydrocarbons generated via thermal decomposition of the
solid convertible organic matter in the shale, the hydrocarbons generated via thermal decomposition
of the residual oil in the shale, and natural gas generated via heating of the residual gas in the shale.

The model for measuring the amount of oil produced per unit mass during the in-situ conversion
of shale is:

Qoit = onc + Qro X Ry, (14)

where Q,;; is the recoverable oil per unit mass of shale (mg/g rock); @y, is the corrected cumulative
oil produced via the in-situ conversion of the solid organic matter in the shale (mg/g rock); Q;, is the
amount of residual oil per unit mass (mg/g rock); and R,; is the proportion of oil production via in-
situ conversion per unit mass of the residual oil.

The model for obtaining the amount of recoverable gas per unit mass under in-situ conversion
of shale is:
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ans = ngc + Qo X Rans + Qrg, (15)

where Qgqs is the recoverable gas amount per unit mass of shale (mL/g rock); Qp4 is the corrected
cumulative gas produced as a result of in-situ conversion of the solid organic matter in the shale
(mL/g rock); Qg4 is the residual gas per unit volume (mL/g rock); @, is the residual oil per unit
mass (mg/g rock); and RQ,; is the in-situ converted gas per unit volume of residual oil (mL/g oil).

3.4.2. Model for Evaluating the Abundance of In-Situ Converted Recoverable Hydrocarbons

The abundance (quantity in the area under operation) of recoverable hydrocarbon per square
kilometer area can be calculated as follows:
AOR =1077Qoi X Hsnate X Pshates (16)

AGR = 107Qgas X Hsnate X Psnater 7)

where AOR is the abundance of recoverable oil (104 t/km?); AGR is the abundance of recoverable gas
(108 m¥km?); Qo is the recoverable oil per unit mass of the in-situ converted shale (mg/g rock); Qgqs
is the recoverable gas per unit volume of the in-situ converted shale (mL/g rock); pspqe is the density
of the shale (g/cm?); and Hshake is the thickness of the in-situ converted shale layer (m).

3.4.3. Method of Determining the Lower Limits of the Recoverable Oil Reserves for In-Situ
Conversion

(1) Method for determining the lower limit of the recoverable oil reserves

The minimum rate of return on the investment (IRRwut.of) can be determined using the
investment return affordability which infers what return level is affordable or feasible for the investor
or operator to fulfil this operation. According to the average values of the fixed investment, operating
costs, taxes, reclamation costs, abandonment costs, sunk costs, hydrocarbon sale prices, and
commodity rates for a production cycle, the lower limit for the amount of the recoverable oil reserves
(EUR_BOEt_ott) to make the operation economically feasible can be obtained as follows:

_wn Capexi+Opex;+Dct;+SC;+Rf;
EUR_BOEcutOff - Zi [1 + IRRcutoff CRotl (Pml i—Taxej L)+CRgas L(Pgas i—Taxgqs_ L)]

, (18)

where EUR_BOEut ot is the economic lower limit of the amount of recoverable oil (104 t), Capex:
represents the average fixed investment for year i ($); Opex: represents the average operating costs
for year i ($); Dcti represents the average abandonment costs for year i ($); SCi represents the average
sunk costs for year i ($); Rfi represents the average reclamation costs for year 7 ($); CRoiLi represents
the average commodity rate for oil production for year i; CRgas i represents the average commodity
rate for gas production for year i; PoiLi is the average oil sales price for year i ($/10* t); Pgas_i is the
average gas sales price for year i ($/104 t); Taxou_ is the average tax per unit oil production for year i
($/10% t); Taxgas_i is the average tax per unit gas production for year i ($/104t); n is the production period
(year); and IRReutoff is the lower limit value of the rate of return on the investment.
(2) Method for determining the lower limit of the recoverable oil reserves per unit mass of rock

The lower limit in the amount of recoverable oil per unit mass of rock can be determined using
Equation (19), which is based on the effective heated rock volume, rock density, and the economic

lower limit of the amount of recoverable oil:
EUR_BOE
=1 7 cutoff (19)

QBOE —cutoff = VyockXProck

where Qpog cutoss 15 the lower limit of the recoverable oil per unit mass of rock (mg/g rock);
EUR_BOE 5y is the economic lower limit of the recoverable oil for a well group (10 t); V.o is the
effective rock volume heated by a well group (m?); and p,.. is the density of the effective heated
rock (g/cm?).
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3.4.4. Method of Determining Favorable Layers for In-Situ Conversion

When heating favorable layers during the in-situ conversion process, the average recoverable oil
per unit mass of rock must exceed the amount of economic lower limit in order to achieve efficient
extraction. This basis can be used to determine the favorable layers for in-situ conversion.

3.4.5. Method of Determining Favorable Areas for In-Situ Conversion

The lower limit in carrying in-situ conversion in shale layers containing immature to low-
moderate maturity organic matter can be determined based on developed equations and costs
associated with the process. Moreover, areas where the amount of recoverable oil is not less than the

d0i:10.20944/preprints202405.0272.v1

quantity of the lower limit threshold, can be defined as favorable areas.

3.5. Evaluation of Recoverable Hydrocarbon Reserves in the Nenjiang Formation in the Songliao Basin

3.5.1. Geologic Background

The Songliao Basin is located in the northeastern part of China. It is bounded by the Greater
Hinggan Mountains to the west, the Lesser Hinggan Mountains to the northeast, and the Changbai
Mountains to the east [22-24]. Moreover, it is rhomboid-shaped, trends north-northeast, covers an
area of 26x10* km?, has a length of 750 km from north to south, and has a width of 350 km from west
to east. In addition, it is a large-scale continental rift basin developed in the Cenozoic [23,24]. The
Cretaceous Nenjiang Formation can be divided into five sections [25,26], which were deposited in a
large-scale lacustrine environment characterized by semi-deep to deep lakes with a subtropical semi-
humid climate. Furthermore, the first section was developed in a reducing sedimentary environment
in a brackish-slightly brackish lake, and the second section was developed in a reducing depositional
environment in a slightly brackish-freshwater lake [27-31]. The organic matter consists of type I-II:

kerogen and is predominantly type I kerogen (Figure 7).
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Figure 7. The relationship between HI and Tmax in the shale of Nenjiang Formation.

3.5.2. Key Parameters for In-Situ Conversion

In this study, to determine the key parameters for evaluating the in-situ conversion of
hydrocarbon resources and further selection of the area were conducted via core analysis from 151
wells and logging data for 526 wells in the Nenjiang Formation. This is the recommended method for
determining the key parameters, such as the TOC, Ro, hydrogen index (HI), and shale thickness.

(1) Maturity of organic matter

The organic matter in the Nenjiang Formation is immature to low-moderate maturity, and thus,
makes a relatively small contribution to the conventional hydrocarbon accumulation in the Songliao
Basin [32]. Moreover, the hydrocarbons generated from the shales of the Nenjiang Formation have
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mainly accumulated in the Heidimiao oil reservoir, which has proven petroleum reserves of less than
8000x10* tons. The distribution of the Ro values determined via core analysis of the Nenjiang
Formation samples is limited, and previous studies have focused on local depressions and limited
areas, which makes it difficult to meet the requirements for the detailed evaluation of the Ro across
the entire basin [32-34]. The core Ro measured data from 151 wells in the Nenjiang Formation (Figure
8) was utilized in this study. It was found that the Ro is positively correlated with the burial depth
(Figure 9), hence, a Ro prediction model was developed (Equation (20)). In order to verify the
reliability of this model, the Ro values of shale samples from cores, retrieve from six different wells
located outside the experimental area were employed (Figures 8 and 9), and it was found that the
relative error between the newly measured Ro data and the Ro data from the model is less than 9%.
This result indicates that our Ro prediction model can meet the requirements for the overall
evaluation of the Nenjiang Formation. In addition, the logging data from 526 wells were used to
calculate the Ro in order to obtain its spatial/areal distribution. It was revealed that the main range of
the Ro is 0.3-0.9%, and the best in-situ conversion occurs when Ro is less than 0.9% (Figure 8).

Ro = k ek2D, (20)

where Ro is the vitrinite reflectance (%); D is the burial depth (m); and k; and k, are empirical
coefficients with values of 0.2753 and 6.124x10%, respectively.
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Figure 8. Distribution of R, in the shale of the Nenjiang Formation in the Songliao Basin.
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(2) Total organic carbon content

The TOC can be considered to be the material input for the in-situ conversion and is an important
parameter for evaluating the potential of having economic recoverable hydrocarbon amounts. Based
on the analysis of cores from 151 wells and logging data from 526 wells in the Nenjiang Formation,
first the core measured data were used to calibrate the logging data, and the overlapping resistivity-
sonic method was then employed for prediction of TOC in the entire section [35]. It was understood
that the calculated TOC values correspond well with the core measured results (Figure 10), and the
relative error between the calculated TOC values and the core analysis measured values is less than
8%, which is in an acceptable range for overall estimation of the TOC where measurements are

missing.
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Figure 10. Well log interpretation of TOC in Well M206.
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(3) Hydrocarbon generation potential of shale
The potential production of residual hydrocarbon in shale is an important parameter for
assessing the overall amount of hydrocarbon yield during in-situ conversion, which can be
characterized by the hydrogen index or generated hydrocarbon amounts of the Fischer assay. The
experimentally measured hydrogen index and the Fischer assay generated hydrocarbon amounts
from the immature shale samples in the Nenjiang Formation exhibit a relatively good linear
relationship. Because the Fischer assay is generally a more complicated procedure than pyrolysis
which the former provides us the hydrogen index, models defining the relationship between these
two parameters were established (Equations (22) and (23)) to correct the in-situ converted

hydrocarbon amounts using the Fischer assay.
Qraor = LHI + 1y, (22)

where Qp4qr is the amount of oil generated per unit mas of TOC content (mg/g TOC); HI is the
hydrogen index (mg/g TOC); and [; and [, are empirical coefficients with values of 0.00232 and
6.15581, respectively.

Qragr = HI + 1y, (23)

where Qpgor is the amount of gas generated per unit volume of TOC content (mL/g TOC); HI is the
hydrogen index (mg/g TOC); and I3 and [, are empirical coefficients with values of 0.00232 and
—0.02419, respectively.

Furthermore, based on the relationship between the hydrogen index and Ro from 151 wells, it
was understood that the hydrogen index is positively correlated with the Ro (Figure 11), and a model
was defined to estimate the HI (Equation (24)). In addition, the HI results were calculated using the
Ro data for 526 wells in the Nenjiang Formation in order to study the spatial/areal distribution of the
HI values in the region.

HI = jiIn(Ro) + Jz, (24)

where HI is the hydrogen index (mg/g TOC); R. is the vitrinite reflectance (%); and j; and j, are
empirical coefficients with values of -335.498 and 492.571, respectively.
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Figure 11. Plot of HI versus Ro.

(4) In-situ conversion of shale layer and thickness

Based on operational constraints and costs associated with in-situ conversion, we can apply the
models proposed in this paper for estimating the amount of recoverable hydrocarbon as well as the
lower limit value per unit mass of the in-situ converted shale, in order to determine the suitability of
this operation in the Nenjiang Formation as the target layer based on its TOC, HI, and Ro values. The
Nenjiang Formation satisfies the conditions for in-situ conversion, including three separate zones:
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the bottom of the Nenjiang Formation II, the middle of the Nenjiang Formation I, and the bottom of
the Nenjiang Formation I (Figure 10).

The thickness of these three sections vary considerably in the region. In the east-west direction
(Figure 12), the bottom of the Nenjiang Formation I is relatively less present and has the smallest
thickness, while the middle of the Nenjiang Formation I is relatively present in the area, with a
maximum overall thickness and significant variation in the thickness from east to west. Finally, the
bottom of the Nenjiang Formation II is similar to that of the middle of Nenjiang Formation I, but its
overall thickness is slightly greater than that of the bottom of the Nenjiang Formation I and is notably
less than that of the middle of the Nenjiang Formation I, with a relatively small overall variation in
thickness in the east-west direction. In the north-south direction (Figure 13), the bottom of the
Nenjiang Formation I has the smallest thickness and the smallest distribution, which is similar to that
of in the east-west direction. In contrast, the other two sections exhibit significantly different areal
distribution in the east-west direction, and the variation in the thickness of the bottom of the Nenjiang
Formation II is the most significant. In terms of the overall thickness, the bottom of the Nenjiang
Formation Il is close to the middle of the Nenjiang Formation.

In the target layer, the thickness of the bottom of the Nenjiang Formation II ranges from 6 m to
22 m, and the area where the thickness exceeds 15 m is approximately 5,661 km? (Figure 14). The TOC
values are from 5.5 wt.% to 9.0 wt.%, and the area where the TOC exceeds 6.0 wt.% is approximately
30,154 km? (Figure 15). Moreover, the thickness of the bottom of the Nenjiang Formation I varies from
2 to 10 m, while the average TOC value is 5.0-7.5 wt.%, and the area where the TOC exceeds 6.0 wt.%
is approximately 6,150 km2 In addition, considering the middle of the Nenjiang Formation I, the
thickness ranges from 8 to 34 m, and the area where the thickness is more than 15 m is approximately
12,506 km?. The average TOC value in this zone varies from 4.5 wt.% to 6.5 wt.%, with the TOC more
than 6.0 wt.% covering approximately 2,264 km?2.
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3.5.3. Evaluation of Recoverable Hydrocarbon Reserves

Based on the key parameters of the target layer in the study area, estimation of the amount of
recoverable hydrocarbon following in-situ conversion in these three sections was carried out using
the methods and steps proposed here.

The results suggest that the amount of recoverable hydrocarbon following in-situ conversion in
these three sections would be significant, with approximately 292.02x108 t of o0il and, natural gas of
about 18.58x10"2 m3. In particular, the bottom of the Nenjiang Formation II showed approximately
140.85x108 t of recoverable oil and approximately 9.22x10'> m? of recoverable natural gas, and it covers
an area of approximately 8.2x10* km?. In addition, the middle of the Nenjiang Formation I showed an
approximately 123.82x108 t of recoverable o0il and about 7.60x10'2 m? of recoverable natural gas, in an
area of approximately 7.7x10* km?. The bottom of the Nenjiang Formation I, would produce 27.35x108
t of recoverable oil and 1.76x10'2 m? of recoverable natural gas, in an area of approximately 4.4x10*
km? (Table 5).

Table 5. Oil and gas recoverable resources of in-situ converted shale section of Nenjiang Formation
in Songliao Basin.

Formation Qil, 108t Gas, 102m3 Area, km?

the bottom of Nenjiang 140.85 9.22 82214

Formation II
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the middle of Nenjiang 123.82 7.60 77407
Formation I
the bottom of Nenjiang 27.35 1.76 44781

Formation I

Total 292.02 18.58
Overlap area 82214

The abundance (per unit area) of recoverable oil in the bottom of the Nenjiang Formation II
ranges from 20x104 t/km? to 80x10* t/km? (Figure 16), with the abundance recoverable natural gas
from 1.5x108 m3/km? to 4.5x10® m3/km? (Figure 17), and oil equivalent from 30x10* t/km? to 130x10*
t/km? (Figure 18). The abundance of recoverable oil in the middle of the Nenjiang Formation I ranges
from 10x10* t/km? to 80x10* t/km?, with the abundance of recoverable natural gas ranging from 1.0x108
m3/km? to 4.5x108 m¥km? and oil equivalent that is around 30x10* t/km? to 120x10¢ t/km2 The
abundance of recoverable oil in the bottom of the Nenjiang Formation I was estimated to be 10x10*
t/km? to 20x10* t/km?, while the abundance of recoverable natural gas would vary from 0.5x108
m3/km? to 1.5x108 m?/km?, and finally, recoverable equivalent oil that is 20x10* t/km? to 40x10* t/km?2.
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Figure 16. Abundance distribution of recoverable petroleum reserves in the bottom of Nenjiang
Formation II.
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Figure 17. Abundance distribution of recoverable natural gas reserves in the bottom of Nenjiang
Formation II.
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Figure 18. Abundance distribution of recoverable oil equivalent in the bottom of Nenjiang Formation
II.

4. Conclusions

First, based on thermal simulation experiments on shale and crude oil samples for the purpose
of in-situ conversion of organic matter in mature layers, it was found that the TOC, Ro, hydrocarbon
generation potential, and fluid pressure would influence the hydrocarbon yield during in-situ
conversion of the shale. Herein, the impact of liquid pressure and crude oil density on the final
hydrocarbon yield per unit mass of residual o0il can be considered as the foundation for establishing
a model for hydrocarbon production via in-situ conversion of shale.

Second, following in-situ conversion thermal simulation experiments, a model for prediction of
the amount of hydrocarbon produced from the solid organic matter in shale based on the TOC, Ro,
fluid pressure, and hydrocarbon generation potential was established. Another model to estimate the
amount of hydrocarbon production via in-situ conversion when residual hydrocarbons exist in the
system, liquid pressure, and crude oil density was proposed. Moreover, in this study, we developed
a method for determining key parameters for assessing the amount of recoverable hydrocarbon,
which can be used to select favorable layers, especially in regions where in-situ conversion thermal
simulation experiments have not been conducted.

Finally, based on the developed method the amount of recoverable hydrocarbon via in-situ
conversion, was estimated in three zones of the Nenjiang Formation in the Songliao Basin to be
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approximately 292.02x108 t of oil and 18.58x102 m? of natural gas. These results can provide a
practical and theoretical basis for implementation of in-situ conversion operation in immature to low-
maturity shale in the Nenjiang Formation and can serve as a guideline for the entire Songliao Basin,
as well as universally around the globe on other shale formations where thermal simulation
experiments have not been conducted.
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