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Abstract: Oil shale is an important unconventional oil and gas resource, but it is poorly utilized in
the Dalianhe coal mining area, northeastern China. Systematic sampling and test analysis were used
to evaluate the characteristics of oil shale quality. The research shows that the oil shale between
the middle and lower coal seams in the coal-bearing member is a rich ore with a high oil content,
medium calorific value, high ash content, medium volatile content, low moisture, and ultralow sulfur
content. The oil shale has good quality and is suitable for low-temperature carbonization for oil
refining or low-calorific fuel. The ash content is silicon—aluminum-rich, has low calcium-magnesium,
is iron-poor, and has a high ash melting point. The middle oil shale member is a poor ore with low
quality. However, there is a dense section of oil shale with a high organic matter content and good
quality above the upper coal seam. It is recommended to implement combined mining of coal and oil
shale in the mineshaft and to reasonably recover oil shale between the coal seams and oil shale above
the upper coal seam to improve the resource utilization rate.

Keywords: Dalianhe coal mining area; oil shale; organic matter; quality; development and utilization

1. Introduction

As an important unconventional oil and gas resource, oil shale is mainly distributed in
the United States, Russia, Canada, China, Estonia, and other countries [1,2]. Its mineraliza-
tion theory and comprehensive development research have attracted much attention [1,3-6].
There is a large amount of oil shale as an associated mineral in the Dalianhe coal mining
area, northeastern China. The resource survey estimates 456 million tons of oil shale and
29 million tons of shale oil in the Dalianhe coal mining area. The oil shale resource of
48% occurs underground at less than 800 m depth [6]. However, oil shale is treated as
waste during open pit coal mining and piled into gangue hillocks, which not only pollutes
the environment but also wastes resources. In recent years, a new shaft project has been
completed and put into operation in the Dalianhe coal mining area. However, the oil shale
has not been fully developed and utilized rationally.

Previous studies on oil shale in the Dalianhe coal mining area have mostly focused
on the genesis of oil shale [6-11], sedimentary characteristics [12,13], elemental geochem-
istry [14,15], and gasification tests [16]. The oil shale of the Dalianhe Formation mainly
formed in the lacustrine phases, with the Yilan-Basin-controlled fractures controlling their
distribution, and the warm, humid subtropical climate and weak surface winds during the
development of the lakes where the Dalianhe Formation was deposited were conducive to
a reducing and stable deep lake environment for oil shale formation [7,9]. The analyses of
organic geochemistry and the sedimentary environment show that the organic matter type
in the semideep lacustrine facies in the oil shale member of the Dalianhe Formation is type
II;, and the organic matter type in the lacustrine facies in the coal-bearing member is type
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I-1I1, which has greater hydrocarbon generation potential. The organic matter source and
gravity flow are the main factors controlling the differential enrichment of organic matter
in the two types of oil shale [17]. The oil shale of the Dalianhe Formation has a medium ash
content and low oil content, and the genetic type is mixed and humic. The oil shale formed
mainly in semideep lake facies and is associated with peat swamp facies coal [12]. However,
there are few feasibility studies on the properties and utilization of organic matter and
inorganic minerals related to the characteristics of oil shale quality.

The research on the feasibility of utilizing organic matter and inorganic minerals of oil
shale in the Dalianhe coal mining area, northeastern China, can provide useful knowledge
for improving the resource development and recovery and clarifying the direction of indus-
trial utilization. In this research, we analyze the organic petrology, organic geochemistry,
geochemical characteristics, and properties of the main oil shale process, study the char-
acteristics of oil shale quality, and explore the prospects of development and utilization
based on the requirements of oil shale for possible development and utilization purposes,
such as manufacturing shale oil and industrial fuel.

2. Geological Settings

The Dalianhe coal mining area in northeastern China is located in a Cenozoic fault
basin in northeastern China (Figure 1a). It is tectonically located in the Yilan—Yitong fault
zone, which is the northern extension of the Tanlu fault zone on the eastern edge of the
Asian continent [7,15,17]. The basement lithology of the basin is mainly pre-Mesozoic
granite, and the sedimentary cover is the Paleogene Dalianhe Formation (E,_3d; Figure 1b).
The Dalianhe Formation is a coal- and oil-shale-bearing clastic sedimentary assemblage
formed from river and lake environmental phases, and the formation can be divided into
four lithologic sections according to the characteristics of the lithologic assemblage [9,10].
From bottom to top, the members are the bottom sand conglomerate member, the coal-
bearing member, the middle oil shale member, and the upper sand shale member (Figure 1c).
The Dalianhe Formation is the result of a complete cycle of the following: low-water system
activity, transgressive systems tract, high water level systems tract to regressive systems
tract, developing fluvial phase, swamp phase, semideep lake—deep lake phase, and delta
phase. The water body in the basin has undergone a filling process from shallow to
deep [12].
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Figure 1. The main topographic units in northeast China (a) (modified from Refs. [6,9]), the geological
map of the Dalianhe coal mining area in northeastern China (b) (modified from Refs. [6,9]), and the
stratigraphic column of the Dalianhe Formation (c). 1—The first and second members of the Dalianhe
Formation, 2—The third member of the Dalianhe Formation, 3—The fourth member of the Dalianhe
Formation, 4—Granite, 5—Basin, 6—Fault.
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Two sets of oil shales developed mainly in the Dalianhe coal mining area. The lower
first set is associated with coal, which is located in the coal-bearing member, and the oil
shale layers between the coal seams are distributed mainly between the upper, middle, and
lower coal seams. The middle to lower oil shale layers have good development quality,
thicknesses of 0.78-10.5 m, different mining values, and other interbedded oil shales are
distributed in the middle of the coal mining area, which can be mined simultaneously with
coal within the open pit area. The second set of oil shale in the upper part is accompanied by
dark mudstone and is located in the thick oil shale member above the middle of the upper
coal seam, with thicknesses of approximately 80-120 m. The key sections of this study are
the coal-bearing member of the lower oil shale layer and the middle oil shale member.

3. Methods

The samples were collected from 29 shallow wells in the open pit area of the Dalianhe
coal mine and 2 wells in the lower coal-bearing member in the deep part of the mine and the
middle oil shale member of the Dalianhe Formation. The identification of organic macerals
in 25 samples was completed by the Laboratory of Material Physics, China University of
Geosciences. The detection of kerogen macerals was carried out by the transmission light-
fluorescence kerogen maceral identification and classification method (SY/T5125-1996)
using an Axiophot-type transmission light-fluorescence advanced biological microscope.
Mineral X-ray diffraction analysis tests were carried out by a D/max-2500 instrument, using
the methods of the total number of clay minerals in sedimentary rocks and the common
nonclay mineral X-ray diffraction analyses (SY/T6210-1996). Oil shale electron microscope
analyses were carried out by scanning electron microscopy of rock samples (SY/T5162-
1997). The samples were tested using a LEO-435VP scanning electron microscope. The
31 samples for rock pyrolysis were analyzed by a ROCK-EVAL 2plus (France) rock pyrolysis
analyzer with an OGE-II (China) oil and gas evaluation workstation of the China Institute of
Petroleum Exploration and Development; the hydrocarbon production potential of oil shale
was determined by rock pyrolysis analysis (GB/T18602-2001). The 31 samples for organic
carbon analysis were analyzed at the Petroleum Geology Experimental Research Center
of the China Institute of Petroleum Exploration and Development. The low-temperature
dry distillation of oil shale was performed by the Heilongjiang Coal Quality Supervision
and Inspection Station (Class A qualification) using the Gray-King low-temperature dry
distillation test method for coal (GB1341-1987). The Gray-King method uses a heating rate
of 5 °C per min and a maximum temperature of 600 °C, which is maintained for 15 min. It
uses a higher maximum temperature compared with the ASTM Fisher assay method of
510 °C.

4. Results and Discussion
4.1. Inorganic Mineral Compositions

The results of the inorganic mineral analysis of the oil shale (Table 1) show that the
inorganic minerals of the oil shale are clay minerals, land-derived clastic particles, siderite,
and pyrite.

The land-derived debris is mainly chalk and fine-grained quartz, which are distributed
in the bituminous mineral matrix in various forms, and the quartz content in the oil shale
between the coal seams is high; feldspar is visible in potassium feldspar and plagioclase,
and plagioclase is distributed only in the middle thick oil shale member. Pyrite and siderite
within oil shale are mainly formed from syngenetic chemical sediments. The pyrite content
in oil shale between the coal seams is high and is mostly in the form of aggregates, which
are not visible in the middle oil shale member.
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Table 1. The compositions of inorganic and clay minerals of oil shales in the Dalianhe coal mining area.

Thin-Layer Oil Shalein ;) g1 1 i1 the Middle-Lower Coal

Member Middle Oil Shale Member the Coal Seams of .
. Seams of Coal-Bearing Member

Coal-Bearing Member
Sample 043-17 043-11 043-4-1 043-4-5 2 21
Well depth (m) 339.00 378.00 427.50 433.50 outcrop outcrop
Quartz (%) 20.8 15.7 20.8 43.3 40.2 39.2
Feldspar (%) 3.8 0.4 0.7 0.8 0.9 0.6
Plagioclase (%) 0.6 0.5 2.3 / / /
Siderite (%) 13 15.8 6.2 2.8 3.0 2.1
Pyrite (%) / / / / 1.8 1.4
Total amount of clay 75 67.6 70.0 53.1 54.1 56.7
minerals (%)
Mixed layer clay
mineral L/S (%) 27 22 33 9 34 24
llite (%) 2 2 1 1 3 1
Kaolinite (%) 71 76 66 90 63 75
Mixed layer ratioI/S 35 35 35 35 30 35

X-ray diffraction analysis of clay minerals in oil shale in the Dalianhe coal mining area
(Table 1) revealed three types of clay minerals, namely, kaolinite, illite, and mixed-layer
clay minerals (illite-montmorillonite). The kaolinite contents are 63-90%; the illite contents
are 1-3%; and the clay mineral contents of the mixed layer are 9-34%. The clay types of
the oil shale layer in the middle thick oil shale member and the middle-lower coal-bearing
member are the same, and the content changes little. The content of kaolinite in the thin oil
shale between the coal seams is high.

The clay minerals in oil shale are visible under the scanning electron microscope as
lamellar kaolinite on common grain surfaces (Figure 2a). The kaolinite crystals are visible
between the thick lamellar mica and feldspar crystals, followed by lamellar montmorillonite
on grain surfaces (Figure 2b) and lamellar I/S mixed layers, which have various morpholo-
gies on grain surfaces, and the clay minerals have a certain degree of crystallization.

Figure 2. The scanning electron microscope images of the clay minerals of the oil shales in the
Dalianhe coal mining area. (a) shows the flaky kaolinite from sample 043-11. (b) shows the quartz
grain and the flaky smectite from sample 2.

4.2. Characteristics of Organic Macerals

The organic macerals of oil shale in the Dalianhe coal mining area are mainly composed
of vitrinite, exinite, and sapropel, which are characterized by rich vitrinite, microsporite,
resin, and a humic-sapropel mineral asphalt matrix. The organic maceral content of the
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oil shale member is generally less than 5%, with a range of 0.57-21.63%, and the organic
maceral content of oil shale between the coal seams is higher, with a range of 13.19-37.97%
(data from Ref. [15]). The organic matter in the oil shale in the Dalianhe coal mining area is
mainly kerogen. Due to the poor resolution of a conventional optical microscope (reflected
white light) on the thin section, it is difficult to identify amorphous bodies and to accurately
quantify the sapropel and sapropel-humic asphalt mineral matrix. Selecting some samples
for kerogen microscopic analysis is a better method. The analytical results show obvious
differences among the kerogen macerals of oil shale in different horizons. The kerogen in
the middle oil shale member is dominated by biodegradable aquatic organisms (humic
amorphous), and no sapropel is found. The contents of other components are very low.
The oil shale between the coal-bearing members is rich in sapropel and humic amorphous
material, and the contents of vitrinite, algae, inertinite, and sporophytes are high (Figure 3).

Exinite group e middie oil shale member
1

® Thin-layer oil shale in the coal
seams of coal-bearing member

® Oil shale in the middle-lower coal
seams of coal-bearing member

0.25 X 0.75

0
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Vitrinite and inert Sepropelic group

groups 0 0.25 0.5 0.75 1

Figure 3. The organic micro components of the kerogen of oil shales in the Dalianhe coal mining area
(data from Ref. [15]).

The compositions of organic maceral and kerogen in oil shale indicate that the source
of organic matter was mainly terrestrial higher plants [11,15], and most of the dispersed
organic matter was transported from peat swamps to deep-water parts and then deposited.
At the same time, a small amount of aquatic low-level phytoplankton (e.g., algae) is ad-
mixed, and the main kerogen components are humic mud and humic amorphous material,
and the kerogen in oil shale is mainly humic—sapropel- and humosapropelic-type kero-
gen, which contains higher quality organic matter and can produce higher quality oil
through pyrolysis.

4.3. Organic Matter Abundance, Types, and Maturity

The results of the organic carbon analysis of oil shale in the Dalianhe coal mining area
(Table 2) show that the organic carbon (TOC) contents of oil shale vary widely in different
layers. For example, the organic carbon contents of 21 samples from the oil shale member
above the middle of the upper coal seam vary from 1.14% to 12.84%, with an average value
of 5.47%, while the organic carbon contents of 7 samples from the oil shale layer between
the middle and lower coal seams have a minimum value of 7.31% and a maximum value
of 18.59%, with an average value of 14.23%, all of which are higher than the values in the
middle oil shale member. The organic carbon contents of the oil shale in the same layer
fluctuate, but the overall difference is not obvious; for example, among the seven samples
of the middle-lower coal, which is interbedded with oil shale, the organic carbon content is
approximately 15%, except for the samples from mining sites 4 and 18. The average organic
carbon content in the middle oil shale member is 5.10% in well YL04-3 and 5.97% in well
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YL04-2, which are similar in both wells, but there is a more obvious trend in the organic
carbon content of both wells with depth, i.e., the organic carbon content increases with
depth, and both show a peak value at approximately 3 m at the top of the upper coal seam
(Figure 4). The hydrogen and hydrocarbon indices also show the existence of an intensive
section of oil shale above the upper coal seam. The organic matter in the intensive section
of oil shale is enriched to a higher degree and is of better quality.

Table 2. The results of pyrolysis analysis, organic matter abundance, and vitrinite reflectance (R,) of
oil shales in the Dalianhe coal mining area.

Maximum

Hydrocarbon = Hydrogen Hydrocarbon Pyrolysis Vitrinite
Member Sample TOC(%) Potential Index Index Tem er}; ture Reflectance
(mg/g) (mg/g.TOC)  (mg/g.TOC) 7 pera s (Ro)
max
043-21 2.88 5.57 185 8.68 442 0.36
043-19 2.68 3.69 132 5.22 445 0.4
043-17 2.72 5.03 179 6.25 444 0.36
043-15 4.88 10.36 206 6.76 441 0.44
. . 043-13 4.27 9.64 217 8.67 441 0.4
x;‘jfézrogxg‘i‘le 04312 496 13.26 260 6.85 440 0.39
YL04-3) 043-11 2.73 6.39 226 7.69 446 0.41
043-9 9.18 28.36 301 7.63 439 0.39
043-8 12.63 31.72 244 6.81 441 0.46
043-7 3.59 8.79 237 7.80 441 0.33
043-5 5.02 15.02 292 7.37 443
043-4-1 5.64 23.5 404 12.59 441 0.38
Thin-layer oil shale
in the coal seams of ~ 043-45 9.82 42.23 422 11.93 439
coal-bearing member
(Well YLO4-3) 043-2-3 31.78 109.24 332 7.74 435
042-10 1.14 1.32 111 5.26 441
042-9 1.47 1.88 121 6.80 439
042-8 1.18 1.33 104 8.47 443
Middle oil shale 042-7 4.91 16.85 337 6.31 444
member (Well 042-6 7.84 18.49 231 4.59 441
YL04-2) 042-5 8.49 26.32 304 5.89 440
042-4 4.96 16.15 319 6.45 440
042-3 10.93 45.2 401 12.90 440
042-2 12.84 69.54 523 18.46 442
Thin-layer oil shale
in the coal seams of ) 4 48.17 175.99 353 12.14 428
coal-bearing member
(Well YL04-2)
2 16.92 100.4 575 18.44 443 0.3
Ol shale in the 4 18.59 124.9 659 12.48 443 0.28
middle—lower coal 11 15.98 104.71 646 9.20 445 0.28
seams of 16 440 0.29
coal-bearing 18 9.2 50.2 535 10.43 440
member (Outcrop) 21 16.17 92.36 561 9.96 443 0.28
27 15.46 89.09 565 11.58 444 0.3
Cai 4 7.31 36.79 499 4.51 446 0.38

The results of the hydrocarbon potential analysis of the oil shale show that the hydro-
carbon potential of oil shale from different layers varies widely (Table 2). The average value
is 85.49 mg/g, which is approximately 5 times higher than the hydrocarbon production po-
tential of the middle oil shale member, indicating that the hydrocarbon production quality
of the middle and lower oil shale layers via pyrolysis is better. The organic carbon content
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and hydrocarbon potential, which characterize the organic matter abundance of wells YL04-
2 and YL04-3, show a stepwise increasing trend with increasing depth (Figure 4). Based on
the locations of wells YL04-3 and YL04-2 (the distance between the two wells is approxi-
mately 2 km) and the pattern of organic matter variation, the organic matter abundance
of the middle oil shale member is relatively evenly distributed, and the corresponding
dense oil shale section has a stable distribution and high organic matter abundance. By
combining the relationship between hydrocarbon source rock evaluation parameters and
oil shale quality indices in related literature [18], the analysis concluded that the quality of
the oil shale section in the central part of the mining area is low grade, and the quality of
the oil shale layer between the middle and lower coal seams is medium grade.

) YLO4-2 )
Hydrocarbon potential (mg/g) Organic carbon TOC(%)
(@) 160 120 80 40 O 0 15 30 45
- 460 - 480 T —
042-10
042-9
480 042-8 480

r 500 - 500

Oil shale

520 » 520 -

- 540 H 540

560 042-5 #F 560 |
042-4 Condensed section

042-3 |
580 042-2 580
042-1 =
o
L 600 O 00

Hydrocarbon potential (mg/g) Organic carbon TOC(%)

(b) 40 30 20 10 0 2 4 6 8 10 12 14

T T T T H-
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043-15 4
|- 360 043-13

04312 g
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H-
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043-7

[~ 420 0435 420 4 Condensed section
043-4:1

[ 043-4-5
L a0 I

Depth (m)

440 -

Coal

Figure 4. The variation of the organic matter abundance of oil shales of the wells YL04-2 (a) and
YL04-3 (b).

As it is difficult to observe the sapropel on the thin sections as mentioned above, we
also use the hydrogen index (Ig) vs. maximum pyrolysis temperature (Tqy) plot to identify
the kerogen types. This shows that the kerogen in the oil shale between the middle and
lower coal seams in the coal-bearing member is mainly concentrated in the type-I area,
indicating that the parent material type is algae [19,20]. The kerogen in the oil shale in the
middle of the YL04-2 well is mainly concentrated in the type-II; area, and the kerogen in the
oil shale in the middle of the YL04-3 well is mainly distributed in the type-II;_, transition
area, indicating that the parent material type is a mixed source [19,20]. In general, the
organic matter in the middle oil shale member is partial to type II; and type II, (Figure 5).
The type-I organic matter in the oil shale between the middle and lower coal seams of the
coal-bearing member is better than that of the middle oil shale member, and its oil shale
quality is more suitable for low-temperature dry distillation to extract shale oil.
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Figure 5. The plot of maximum pyrolysis temperature (Ty.x) vs. hydrogen index (Ig) identifying the
kerogen type of oil shales in the Dalianhe coal mining area.

The reflectance of the vitrinite group (R,) of oil shale and the maximum temperature
of hydrocarbon pyrolysis (Tyx) are shown in Table 2, and the reflectance of the oil shale
in the vitrinite group is less than 0.5. According to the classification of the reflectance of
the hydrocarbon source rock in the vitrinite group [21], the organic matter is basically at
the immature stage. However, according to the classification standard of the maximum
temperature of hydrocarbon source rock pyrolysis [22], the oil shale in the study area is in
the oil production stage (Figure 6). The comprehensive analysis suggests that the organic
matter of oil shale in the Dalianhe coal mining area is still in the immature stage of thermal
evolution. The conversion rate of organic matter into hydrocarbons is low. The more
preserved organic matter can be favorable for the refining of oil shale oil by pyrolysis.

455
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Figure 6. The plot of R, vs. Ty identifying the maturity of oil shales in the Dalianhe coal mining area.
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4.4. Major Process Properties of Oil Shale
4.4.1. Oil Shale Industry Analysis
Moisture

The results of o0il shale moisture (Mad%) analysis in the Dalianhe coal mining area
(Table 3) show that the moisture values of thick oil shale between the middle and lower
coal seams in the Dalianhe coal mining area are 0.85-1.69%, with an average of 1.18%. The
oil shale moisture values in the middle oil shale member of the YL04-3 well are 1.29-1.63%,
with an average of 1.50%. The low moisture of oil shale is favorable for rapid drying and
dry distillation.

Table 3. The results of technical analysis and low-temperature carbonization of oil shales in the
Dalianhe coal mining area.

Technical Analysis Low-Temperature Carbonization
Member Sample 16 20 30 St%,d%  Qnet5ar  Tar6, Water?, 8o Gasand Coke
Mad'% Aar* % Vdaf°> % ad% 2d% Crad ® % Loss Type

01 1.11 66.95 76.85 0.91 8.55 11.80 462 79.18 440 A
02 1.28 73.15 79.71 0.79 6.06 5.38 5.38 81.10 8.14 A
03 1.23 64.35 74.82 0.95 8.79 14.08 488 77.00 4.04 A
04 1.07 65.15 76.26 0.85 8.93 14.02 5.75 79.12 1.11 A
05 0.97 72.71 80.71 0.66 5.54 9.65 3.62 83.15 3.58 A
06 1.06 73.17 78.67 0.68 5.28 8.28 5.12 83.10 3.50 A
08 1.27 67.44 80.16 0.79 7.16 12.55 4.62 79.05 3.78 A
09 1.42 64.20 73.26 1.05 9.24 9.00 4.75 83.72 253 A
10 1.54 69.67 75.31 0.13 3.52 11.52 9.70 75.95 2.83 A
11 1.10 72.51 79.48 0.83 591 8.95 3.88 83.55 3.62 A
13 1.13 66.44 77.80 0.83 8.09 12.92 4.75 78.05 428 A
14 1.25 7455 77.30 0.65 4.82 7.28 5.12 84.92 2.68 A
15 1.20 74.42 79.06 0.89 3.85 8.80 5.12 83.85 2.23 A
Oil shal 16 1.20 77.16 81.80 0.48 3.24 5.80 5.62 87.08 1.50 A
L }51 ale 17 1.16 75.88 78.42 0.55 3.63 5.82 5.62 86.62 1.94 A
m.fi € 18 1.28 77.12 79.74 1.28 3.53 7.70 4.50 86.02 1.78 A
{m dle— b 1.20 65.31 71.15 1.20 7.28 9.10 4.50 82.22 413 A
ower Cofa 20 1.28 76.78 77.08 1.28 3.16 16.00 450 75.02 4.48 A
Seag“s 0 21 1.27 71.45 79.16 0.64 6.20 17.05 4.00 78.25 0.70 A
f)oa - 22 1.06 68.80 76.63 1.09 7.21 10.42 4.50 81.80 3.28 A
earing 23 1.23 76.37 80.80 0.44 349 8.400 5.00 84.95 1.65 A
member 24 1.15 69.17 78.34 0.67 6.67 11.12 450 82.92 1.46 A
25 1.10 71.67 79.42 0.60 5.96 10.75 3.50 82.12 3.63 A
26 1.18 70.26 78.10 0.66 6.35 12.28 3.62 82.68 1.42 A
27 1.11 67.63 78.20 0.67 7.40 14.10 3.00 78.98 3.92 A
28 1.69 76.24 82.89 0.32 3.64 6.90 5.00 84.28 3.82 A
29 0.92 70.57 76.74 0.58 5.09 9.55 5.25 81.85 3.35 A
30 1.06 74.59 83.87 0.56 437 9.58 7.50 77.52 5.40 A
31 1.26 73.64 79.06 0.67 462 12.02 9.88 57.00 21.10 A
Cail 0.85 75.08 78.44 0.12 401 13.18 8.75 71.30 6.77 A
Cai?2 0.92 78.05 84.82 0.14 245 8.65 8.00 78.00 5.35 A
Cai3 0.96 78.02 83.80 0.02 2.68 5.80 6.38 85.65 2.17 A
Cai 4 0.86 80.57 89.86 0.12 1.45 6.05 5.50 85.90 255 A
Cai5 1.62 55.69 61.94 0.47 11.20 9.70 6.00 78.02 6.28 A

Average  1.18 71.61 78.52 0.66 5.57 10.12 5.37 80.59 3.92
YL013 1.46 88.85 93.90 0.12 1.62 7.50 88.90 1.98 A
YLO14 1.63 87.51 94.79 0.00 242 7.75 87.55 2.28 A
Middle oil  YLO15 1.27 85.02 90.80 0.02 1.72 7.75 86.70 3.83 A
shale YLO016 1.61 84.72 97.74 0.04 2.88 5.25 85.40 6.47 A
member YLO017 1.60 82.77 83.24 0.10 2.55 7.00 86.15 430 A
(Well YLO018 152 79.40 7447 0.00 3.38 7.75 85.30 357 A
YL04-3) YLO019 1.29 84.72 88.79 0.18 3.28 7.75 87.05 1.92 A
YL020 1.62 80.49 79.84 0.51 452 6.50 86.70 2.28 A

Average 150 84.19 87.95 0.12 2.80 7.16 86.72 3.33

1 Moisture; 2 Ash; 3 Volatile yield; * Total sulfur; > Calorific value; ® Tar yield; 7 Total dry distillation water;
8 Semicoke yield.

Ash

The results of the ash (Aar%) analysis of oil shale in the Dalianhe coal mining area are
shown in Table 3. The ash contents of thick oil shale between the middle and lower coal
seams in the Dalianhe coal mining area are 55.69-80.57%, with an average of 71.61%. The
ash contents of the middle oil shale member of the YL04-3 well are 79.40-88.85%, with an
average of 84.19%, which indicates high-ash-content oil shale. The analytical results show
that there is a relationship between the high ash content and oil content in the oil shale.
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When the ash contents of oil shale are 60-70%, the tar yields are generally greater than 10%.
When the ash contents are 70-80%, the tar yields of most samples are less than 10%. When
the ash contents are 80-90%, the tar yields are less than 5%. The oil content of oil shale
decreases with increasing ash content (Figure 7a).

85
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24
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Figure 7. The plots of oil content vs. ash content (a) and volatile yield (b).

Volatiles

The results of the volatile yield (Vdaf%) analysis of oil shale in the Dalianhe coal
mining area (Table 3) show that the volatile yields of thick oil shale between the middle
and lower coal seams in the Dalianhe coal mining area are 61.94-89.86%, with an average
of 78.52%, indicating a medium volatile yield. The volatile yields of the middle oil shale
member of the YL04-3 well range from 74.47 to 97.74%, with an average of 87.95%, as
shown by the relationship between the 0il content and volatile yield of oil shale in the
Dalianhe coal mining area (Figure 7b). The volatile yield of oil shale between the coal
seams in the coal-bearing member is low, with most samples having a volatile yield of
70-80% and a tar yield of more than 5%. The volatile yield of oil shale in the middle oil
shale member is generally more than 80%, and the tar yield is less than 5%. The oil content
in the oil shale and the volatile yield show a general negative correlation, and the relevant
literature reports that the two parameters are not simply positive [23,24]. This anomaly is
due to the influence of inorganic minerals, such as siderite in oil shale, as well as different
kerogen types in oil shale.

Calorific Value and Total Sulfur

The results of the analyses of the calorific value (Qnet, ar) and total sulfur (St, d%) of
oil shale in the Dalianhe coal mining area are shown in Table 3, and the calorific values
of oil shale in the thick layer between the middle and lower coal seams in the Dalianhe
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coal mining area are generally 1.45-11.2 MJ/kg, with an average of 5.57 MJ/kg, which
indicates good combustibility. From the graph of the correlation analysis of calorific power
with ash and oil contents (Figure 8), it can be determined that the calorific power of oil
shale becomes larger with increasing oil content, but the calorific power decreases with
increasing ash content. When the ash contents of oil shale are between 60% and 70%, the
calorific values are more than 6 MJ/kg. When the ash contents are between 70% and 80%,
the calorific values are approximately 2—-6 M]/kg. When the ash contents are more than
80%, the calorific values are less than 2 MJ/kg. Therefore, the calorific values of the middle
oil shale member are very low. This is not conducive to combustion, as the ash content is
quite high.

100

) y=-2.1833x +83.771
90 - R’=0.9014

80

70 |

Ash content (%)

60

60

40 1 1 1 1 1

18
(b) ® y=0.5558x+7.0279

L R?=0.1758

14 |
12

10

Oil content (%)

0 2 4 6 8 10 12

Calorific value (Qnet, ar)

Figure 8. The plots of calorific value vs. ash (a) and oil (b) contents.

The sulfur content of the oil shale in the Dalianhe coal mining area is low. The total sulfur
(St, d%) contents of oil shale between the middle and lower coal seams are 0.02-1.28%, with
an average of 0.66%. The total sulfur contents of the middle oil shale member of the YL04-3
well are generally lower than 0.51%, with an average of 0.12%. Oil shale is especially low
in sulfur and produces low potential environmental pollution. Pyrite is not observed in
samples of oil shale from the middle oil shale member. This indicates that the sulfur of oil
shale from the middle oil shale member is mainly organic sulfur.

4.4.2. Low-Temperature Carbonization Analysis

The results of the low-temperature dry distillation analysis of oil shale in the Dalianhe
coal mining area are shown in Table 3. The oil shale between the middle and lower coal
seams shows a high tar yield value with an average of 10.12%, high oil content, low total
dry distillation water, low semicoke yield, and high gas and loss. On the contrary, the oil
shale in the middle oil shale member shows a low tar yield value with an average of 2.80%,
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low oil content, high total dry distillation water, high semicoke yield, and low gas and loss.
The coke type of oil shale in the Dalianhe coal mining area is A, which indicates semicoke
without bonding, powder, or powder with a small number of small pieces. According
to the classification standard of the oil content in oil shale [21], the oil shale between the
middle and lower coal seams is high grade, whereas the oil shale in the middle oil shale
member is low grade. The oil shale between the middle and lower coal seams is suitable
for low-temperature dry distillation oil refining.

4.4.3. Characteristics of Oil Shale Ash

The results of the ash compositional analysis of oil shale are shown in Table 4. The
ash composition is mainly SiO,, Al,O3, Fe;O3, CaO, and MgO. The ash composition of the
thick oil shale between the middle and lower coal seams in the Dalianhe coal mining area
is 52.2-55.02% SiO,, averaging 53.7%, which is higher than 49.83% in the middle oil shale
member. The ash is 14.99-19.61% Al,O3, averaging 16.48%, which is lower than 24.34%
in the middle oil shale member. The ash is 1.45-3.22% Fe,O3, averaging 2.43%, which is
lower than the middle oil shale member value of 5.09%. The CaO contents are 0.15-0.35%,
averaging 0.24%, which is slightly lower than the middle oil shale member value of 0.27%.
The MgO contents are 0.27-0.44%, averaging 0.33%, which is lower than the middle oil
shale member value of 0.53%. The ash composition is rich in silica—alumina, low in calcium
and magnesium, and iron-poor.

Table 4. The major element compositions (%) of ash from oil shales in the Dalianhe coal mining area.

Member Sample 5102 Ti02 A1203 TF8203 MnO MgO CaO NaZO Kzo P205 LOI Total
04319 5552 0.94 2526  2.86 0.02 053 0.12 0.42 1.52 0.05 1202 99.26
04317  53.82 0.88 2706 179 0.01 0.42 0.09 03 126 0 1343 99.07
. . 043-13  51.01 0.82 2549 374 0.03 0.52 0.22 025 1.23 0.09 1619  99.59
l\ﬁm}dle oil 043-11  45.01 0.89 2538  9.93 0.28 07 0.4 0.26 0.88 0.27 1629  100.29
shale member 043-8 42,65 0.59 2012 7.59 0.12 0.55 0.65 0.36 0.76 0.41 2635  100.15
043-5 50.26 071 2332 4.66 0.05 0.39 011 0.29 0.75 0.08 1916  99.78
043-4-1  50.54 0.76 2375  5.03 0.14 06 0.27 0.26 0.87 0.07 1777 100.05
Average 49.83 08 2434  5.09 0.09 053 0.27 031 1.04 0.14 1732 9974
Oil shale in the 2 522 0.38 1538  2.63 0.01 0.32 0.24 0.03 1.02 0 27.09 9931
middlelower coal ~ Cai4 55.02 0.58 1961 322 0.02 0.44 0.22 0.02 0.67 0.04 1937  99.22
seams of coal- 11 54.05 0.43 1595 145 0.01 0.27 0.15 0.07 0.74 0.01 2593 99.05
bearing member 21 5351 0.38 1499 24 0.01 0.29 0.35 0.05 0.85 0.06 2679 99.67
Average 537 0.44 1648 243 0.01 0.33 0.24 0.04 0.82 0.03 24.8 99.31

The ash composition is closely related to the ash melting point and determines the ash
melting point [23]. Generally, the higher the values of SiO; and Al,Oj3, the higher the ash
melting point. The higher the values of Fe,O3, CaO, MgO, Na,O, and K,O, the lower the
ash melting point. The relationship between the ash composition and the ash melting point
of oil shale in the Dalianhe coal mining area also has such characteristics.

4.5. Development and Utilization of Oil Shale
4.5.1. Feasibility of Refining Shale Oil by Oil Shale Retorting

An important quality indicator of oil shale as a raw material for the shale oil industry
is the oil content. The tar yield (Tar, ad%) of the thick oil shale between the middle and
lower coal seams is 10.12% on average in this study; the tar yield is 2.92% on average in
the middle thick oil shale member, with the YL04-3 well as an example, which is relatively
high in the lower part. The tar yield sampled within 1 m from the upper coal seam roof is
3.90% on average, and the tar yield sampled within 10 m from the roof is 3.73% on average.
According to the existing technical conditions of oil shale mining, the dry distillation
process, and mineral geological survey specifications in China [21,23,25], the oil content
of the general industrial index is more than 5%. Compared with the oil contents of the
Fushun and Maoming oil shales, which have been industrially produced, the oil contents
are 6.0-8.0% [26,27]. The thick layer of oil shale between the middle and lower coal seams
meets the requirements and has the feasibility of dry distillation for refining shale oil. The
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comparison with the results of the dry distillation analysis of the representative oil shale
shows that the characteristics and dry distillation effect of o0il shale in the Dalianhe coal
mining area and Fushun oil shale are very close (Table 5). A similar dry distillation process
can be selected for the preliminary industrial experimental study.

Table 5. The results of low-temperature carbonization and technical analysis of oil shales in the
Dalianhe coal mining area compared with those in typical oil shale deposits.

Oil Shale Deposit Dalianhe Fushun Maoming Huadian Huangxian

Tar, ad% 10.12 6.3 7.30 10.00 14.40

Low-temperature Water, ad% 5.37 4.9 17.20 12.30 13.40

carbonization CRad% 80.59 85.6 73.4 73.8 66.7
Gas and loss 3.92 3.2 2.1 3.9 5.5
Har% 2.28 2.29 2.51 2.03 3.23

Element analvsis Car% 15.31 12.9 14.31 12.31 28.63

y Nar% 0.35 0.51 0.52 0.32 041

Sar% 0.58 0.59 1.05 0.53 0.99
Mad% 1.18 3.50 4.84 7.70 9.39

Technical analysis Aar% 71.61 72.77 68.61 68.01 597
Vad% 21.36 16.84 19.15 17.83 39.00

St, d% 0.66 0.59 1.05 0.53 0.99

Qnet, ar 5.57 5.06 6.20 6.57 11.72
SiO, 53.7 62.3 57.7 55.18 54.78
AlL,O3 16.48 26.82 25.28 17.2 9.04

Ash composition (%)  Fe,O3 243 6.1 10.31 9.73 8.16
CaO 0.24 1.1 0.42 12.44 16.4
MgO 0.33 1.79 1.11 2.66 1.82

. o T1 1345 1290 1350 1140
Ash fusion (°C) T3 1400 1380 1400 1300
Tar, ad% 10.16 6.30 7.30 10.10 14.40

The resource reserves of the thick oil shale member above the coal seam are large; the
tar yield is low; the local layer is rich in resources; the overall oil content does not reach
the general industrial requirement of 5%; and shale oil cannot yet be refined by applying
ground dry distillation technology.

4.5.2. Feasibility of Oil Shale as Fuel

As a low-calorific fuel, oil shale is burned to produce steam for electricity and calorific
power, which is the main method of oil shale energy utilization [23,28]. Since oil shale
generally has the characteristics of easy ignition, low ignition temperature, volatile yield
with burning, difficult combustion, and easy slagging, which affect combustion utilization,
understanding the combustion characteristics of oil shale in mining areas is the key to
developing and utilizing oil shale resources. The thick oil shale between the middle and
lower coal seams in the Dalianhe mining area is compared with the representative oil
shales in Jilin Huadian, Liaoning Fushun, and Guangdong Maoming, which are used for
combustion via calorific power in China [27,29] (Table 5). This shows that the oil shale
in the Dalianhe coal mining area has low moisture, slightly higher calorific power than
the Liaoning Fushun oil shale, and lower calorific power than the Maoming and Huadian
oil shales. The ash content and volatile yield (converted to Vad) are close to those of the
Maoming, Huadian, and Fushun oil shales. The total sulfur content is lower than that
of the Maoming oil shale and slightly higher than that of the Huadian and Fushun oil
shales. The ash composition is mainly silica—alumina; the ash melting point is high; and
the combustion characteristics are basically similar. Oil shale can be considered a low-
calorific fuel, and advanced furnace-type and combustion technology should be chosen for
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gas production and power generation or for combined coal-oil-shale combustion power
generation; however, oil shale can also significantly reduce environmental pollution.

4.5.3. Feasibility of Oil Shale Ash as Building Material

The oil shale ash residue is 60-80% of the weight of oil shale. It is very important to use
it rationally by considering various factors, such as environmental protection requirements,
social benefits, and economic benefits. Fushun and Maoming have the experience and
technology for using oil shale to produce cement and shale-sintered bricks [23]. As shown
in Table 5 above, the ash composition of oil shale in the Dalianhe coal mining area is slightly
lower than that of the Maoming oil shale in terms of SiO, and Al,O3. The ash is the lowest
in Fe;O3 and CaO, and the MgO content is lower than that of the Fushun and Maoming oil
shales. The ash melting point is close to that of Maoming oil shale; the ash composition is
mainly silica-alumina; and the ash composition is similar to that of the Maoming oil shale.

By analyzing the characteristics of organic and inorganic minerals of oil shale in typical
mining areas, which have been developed and utilized, the oil shale between the middle
and lower coal seams in the Dalianhe coal mining area is suitable for dry distillation to
produce oil and gas, combustion to produce steam for power generation, and shale ash as
raw material for building materials. The combined production path of oil refining, thermal
power and building materials is adopted to form a circular economic industrial chain.
However, the potential environment impacts are still addressed before oil shale production
in the Dalianhe coal mining area.

5. Conclusions

1.  The organic matter of oil shale in the Dalianhe coal mining area, northeastern China,
is mainly kerogen of types I and II;. The kerogen of the oil shale section in the middle
oil shale member is mainly humic amorphous material, which is mainly composed
of biodegradable aquatic organisms. The organic carbon content and hydrocarbon
generation increase with increasing depth. The thick oil shale between the middle
and lower coal seams is enriched in amorphous sapropel and humic substances. The
main source is higher plants and lower phytoplankton, such as algae.

2. The inorganic minerals of oil shale are mainly clay minerals, terrigenous clastic parti-
cles, siderite, and pyrite. The terrigenous debris is dominated by fine-grained quartz
and feldspar particles. The clay minerals are mainly kaolinite with crystallization.
The oil shales in the middle oil shale member and in the middle-lower coal seams of
the coal-bearing member show the same clay types. The contents of quartz, siderite,
and pyrite in oil shale between the coal seams are high. The oil shale between the
middle and lower coal seams is characterized by a high ash content, high silicon and
aluminum, low calcium and magnesium, poor iron, and a high ash melting point.

3. The oil shale between the middle and lower coal seams in the Dalianhe coal mining
area is enriched in oil, with a medium calorific value, a high ash content, medium
volatile matter, low moisture, and ultralow sulfur-type oil shale. This indicates
quality and good development value. The tar yield is positively correlated with the
organic matter content and calorific value and is related to the organic matter type
but negatively correlated with the ash content and volatile matter. The volatile matter
is greatly affected by siderite and the kerogen type. The oil shale between the middle
and lower coal seams is enriched in oil, and the middle oil shale layer is poor in oil,
with low quality.

4. The oil shale between the middle and lower coal seams in the Dalianhe coal mining
area is suitable for low-temperature dry distillation for oil refining and low-calorific
fuel. The oil shale ash is suitable for building materials and clay raw materials for
cement production, and it has good prospects for development and utilization. The
new coal mining shaft can be used to recover oil shale between the coal seams and oil
shale above the upper coal seam. The joint mining of coal and oil shale should be car-
ried out to improve the utilization rate of resources. The comprehensive development
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of oil shale in the Dalianhe coal mining area is suitable for the joint production of oil
refining, thermal power and building materials to form a circular economic industrial
chain and realize the efficient and clean utilization of oil shale resources.
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