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Abstract: The amount if oil shale resources throughout the world has been roughly estimated in
accordance with various resource estimation methods. However, in some instances, detailed and
comprehensive supporting methodologies for the estimation of commercial shale oil reserves have
not been presented. The goal of this study is to develop a comprehensive method for the modified
estimation of oil shale mineable reserves for shale oil projects. The methodology characterises oil
shale according to its calorific value, oil content, conditional organic mass, and ash content by utilising
a Monte Carlo simulation. Based on the results of the case study, the developed method proposes
considering the relationships of the in situ oil shale grade and tonnage material (oil shale + limestone)
to the oil retorting feed material grade and tonnage by taking into account the retorting plant oil
recovery. For this purpose, a Monte Carlo stochastic modelling algorithm was developed. Based
on the data analysis, a modifying factor to convert mineral reserves to petroleum reserves was
produced. The results of this study are useful for feasibility studies that estimate oil shale reserves
in relation to justifying their utilisation fields. Some oil shale deposits have good potential for
development but need to be re-estimated in accordance with the most sophisticated extraction and
processing technologies.

Keywords: oil shale; retorting; oil reserves; calorific value; a modifying factor

1. Introduction

The amount of oil shale resources throughout the world has been roughly estimated
in accordance with various resources estimation methods; however, in some instances,
detailed and comprehensive supporting methodologies for the estimation of commercial
shale oil reserves have still not been presented. Estimating oil shale reserves is an important
topic for the oil industry as it affects the future global energy balance, pricing, and energy
security. The estimation of oil shale reserves has become a topic of significant interest in
recent years due to the increasing demand for energy [1]. However, there are many uncer-
tainties regarding reserve estimation for many oil shale deposits. Until now, all attempts
to estimate the world oil shale resources have been based on numerically insignificant
facts, and estimations of the grade and tonnage of many of these materials were, at best,
guesswork [1,2]. Stephen et al. presented some methods for the calculation and reporting
of oil shale resources. Their study demonstrated that “a more uniform system of reporting
resources of oil shale deposits is desirable to enable an accountable and reliable estimate of
resources to be made”. Their study emphasised the importance of determining the level of
confidence of resource estimates [2].

The problem of estimating shale oil reserves while receiving the maximum economic
profit and producing minimal environmental and social impacts is becoming increasingly
urgent. The traditional reserve estimation methods do not address specific technical
aspects of modifying factors; thus, they are not able to solve the problem of converting
solid minerals into oil [3-19]. Few of the existing research methodologies are able to
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accurately estimate shale oil reserves based on solid mineral material. In most cases, shale
oil resources (referred to as “reserves”) are estimated based on the laboratory Fisher assay
oil yield percentage of the tested material [5-7]. This can serve as a conceptual estimate
only for oil resources and not for oil reserves, the recovery of which requires the use of
modifying factors [6-9]. One of the objectives of this study is to produce a modifying factor
capable of converting mineral reserves to petroleum reserves.

Oil shale, a sedimentary rock containing kerogen, has been identified as a potential
alternative source of fuel. However, accurately estimating the amount of oil that can be
extracted from shale is a challenging task due to the complex nature of the rock and the
lack of extensive production history in many shale oil ventures [3-12].

Currently, oil shale reserve estimations are proposed by the mineral reserve estimate
method and oil reserve estimate method. The mineral reserve method assumes a project
producing power, and oil reserves presuppose a project for producing oil and chemical
products. In both estimation methods, the amount of oil underground is presented as re-
serves or resources depending on how and when this amount will be extracted or excavated
using the available technologies [13,14]. Thus, oil reserves have to be considered according
to technical and economic feasibility. Oil reserves estimates are typically presented via
probability distributions because of uncertainties in geology, technology, and economics.
There are three levels of confidence, namely proved (1P), proved and probable (2P) and
proved, probable, and possible (3P) in the petroleum classification system. The level of
proved and probable is used in the mineral classification system. A comparison of the
mineral and petroleum reserve systems is presented in Figure 1 [13,14].
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Figure 1. Comparison of petroleum and mineral classification systems (CRIRSCO).

Generally, mineral and petroleum reserves are the same as they are ready to be
extracted or excavated using the available technologies, producing saleable products. The
only difference is that the mineral reporting code does not establish any specific time
restrictions, while the petroleum reporting code requires extraction to be started within a
“reasonable” timeframe [13,14].

To derive mineral reserves from mineral resources, modifying factors should be used.
These cover mining considerations (i.e., the cut-off grade, losses and dilutions, etc.), pro-
cessing, metallurgical, infrastructure, economic, marketing, legal, environment, social and
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government factors. They are known as “contingencies” in the petroleum industry. Mineral
reserve estimation is typically presented in terms of tonnes of ore and grade for both the
run-of-mine and saleable product after the beneficiation. Mineral reserve statement should
include disclosure on the recovery factors used for reserves to receive saleable product
quantities. The petroleum report code normally derives oil reserves as a more refined
saleable product (e.g., oil with very minor non-hydrocarbons or sulphur) [13,14].

Biglarbigi et al. (2010) in “Rethinking World Oil-Shale Resource Estimates” challenged
the conventional estimation of oil shale resources by highlighting that the current estima-
tion does not account for the technological advancements in extraction and processing
techniques. The study pointed out that the actual reserve estimations could be much higher
than the conventional ones, which are based on outdated technology. They suggested that
the industry should invest in further research and development to unlock the true potential
of oil shale resources [15].

Knaus et al. (2010) in “An Overview of Oil Shale Resources” provided an overview
of the global oil shale resources, the technologies used for oil extraction, and its economic
viability. The study highlighted that the oil shale industry faces several challenges such
as high production costs, environmental concerns, and technical limitations. The authors
concluded that oil shale resources could be an important contributor to the future energy
but require further technological advancements and investments to become economically
viable [16].

McGlade (2012) in “A review of the uncertainties in estimates of global oil resources”
conducted a critical review of the estimations of global oil resources, including oil shale
reserves. The study highlighted the level of uncertainty in the estimations due to various
factors such as geological complexity, political instability, and the lack of transparency
in reporting. The author suggested that a better understanding of these uncertainties is
necessary to advise energy policies and investment decisions [17].

Xu et al. (2022) in “Occurrence space and state of shale oil: A review” reviewed the
current state of knowledge on shale oil, including its geology, extraction technologies, and
production characteristics. The study highlighted the complexity of shale oil resources,
including their heterogeneity, low permeability, and variability in oil quality. The authors
suggested that further research is necessary to better understand the distribution and
condition of shale oil resources to improve the accuracy of their estimation [18].

Smith (2018) in “Estimating the future supply of shale oil: A Bakken case study”
examined the supply potential of the Bakken shale formation in North Dakota, USA. The
study used a production forecasting model to estimate the future production of oil from
the Bakken formation. The study found that the Bakken formation has a significant oil
resource potential, but there is a substantial drop in the production rate, and the production
economics are sensitive to oil prices [19].

Gong et al. (2013) in “Assessment of Eagle Ford Shale Oil and Gas Resources” con-
ducted an assessment of the Eagle Ford shale formation in Texas, USA. The study used a
combination of reservoir engineering and geologic analysis to estimate the amount of oil
and gas resources in the formation. The study found that the Eagle Ford formation has a
significant oil and gas resource potential, and the production economics are favourable due
to the high-quality reservoir characteristics [20].

Misund and Osmundsen investigated the relationship between different classifications
of reserves and total shareholder returns for oil and gas companies. They discovered that,
despite the fact that proven developed reserves are the ones that the investors should use
to anticipate future cash flows, there are discrepancies in the pricing of oil and gas reserves,
particularly after 2009 because of the shale gas revolution. The authors suggest that the
impact of the shale oil boom and the subsequent oil price slump may have affected the
valuation of the o0il and gas companies. They also argue that mandatory disclosure of
reserve classifications, including probable reserves, potentially increase the attention that
investors and analysts pay to this information and have policy implications for oil and gas
companies, particularly those listed in the US [21].
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Additionally, it should be noted that emphasis should be given to unconventional
technologies, such as shale gas hydraulic fracturing and oil shale in situ conversion (retort-
ing) while evaluating the various techniques used to assess oil shale reserves. In the in situ
conversion process, an electric resistance heating slowly heats the shale to the temperature
of kerogen conversion, ready to be pumped from the ground [22,23]. Hydraulic fracturing
is a technical means to realise the efficient development of shale gas. Hydraulic fracturing
is used to increase oil and gas production from oil reservoirs. Hydraulic fracturing involves
injecting water and chemicals under high pressure into a shale formation throughout wells
to create new fractures and increase the connectivity of the existing fractures in order to
extract oil and gas. This method could be helpful for enhancing oil recovery and may serve
to improve reserve estimation approaches [24-28].

All of the above shows that the estimates of oil shale reserves are subject to significant
uncertainty due to various factors such as geological complexity, technological limitations,
and economic viability. The studies suggest that further research and investment in tech-
nology are necessary to unlock the full potential of oil shale resources and provide a more
accurate estimation of shale oil reserves.

More than 550 of the known oil shale deposits worldwide are distributed in over
50 countries. According to Knaus (2010), an oil shale is formed from organic material that
may have several different origins. Oil shale is often categorised into three major types
according to the origin of the organic material: terrestrial, lacustrine, and marine. Marine
(e.g., kukersite, tasmanite, and marinite) oil shale deposits, which are more often used in the
industry, are the result of saltwater algae, acritarchs, and dinoflagellates [16]. The kukersite
formation is located in Estonia and has been developing over the last hundred years.

Raukas and Punning (2008) stated that oil shales are defined as sedimentary rocks
containing 10-75% of organic matter [29]. The organic matter is characterised by its
elemental composition. An important indicator of oil content in organic matter is the ratio
of hydrogen (H) to carbon (C) (i.e., the H/C) [30]. Oil yield is dependent on not only
H/C but also the initial material of the organic matter and its degree of decomposition.
The mineral part of oil shale may consist of terrigenous material, carbonates, or both.
The terrigenous material is mainly composed of clay and supplemented by quartz and
feldspars. Carbonates are represented by calcium carbonate (calcite) and, in some cases,
dolomite [31-35].

Oil shale deposits may also contain metals, which could add some byproducts such
as alum [KAI (504),-12H,0], nahcolite (NaHCO3), dawsonite [Na(Al(OH),COs3], sulfur,
ammonium sulfate, vanadium, zinc, copper, and uranium, and others [1].

Oil shales are situated at several depths, and their operational seams have variable
thicknesses. An oil shale can be mined either by surface or underground methods, as well
as by in situ retorting technologies [22-24]. For the mining of oil shale deposits, location,
geological structure, bed thickness, depth and orientation, grade and tonnages, deposit
type, and other aspects should be considered [10].

Considering all these critical issues mentioned above, the main goal of this study is
to develop a comprehensive method for the modified estimation of oil shale mineable
reserves for shale oil projects. For this study, data for over 96 oil shale deposits located in
23 countries were analysed. A consolidated commercial estimation criteria characterising
oil shale reserves considering their quality by calorific value, oil content, organic mass,
and ash content were used in the methodology. These criteria are based on the aggregated
values proposed for commercial (mineable) oil shale seams (beds) and not just for separately
tested oil shale layers. The developed methods provide oil recovery outcomes based on
industrial data that can be used for feasibility studies, which require demonstrating a
project economy estimated on a practical commercial database.

2. Materials and Methods

Wang et al. concluded that “the Monte Carlo method is a statistical test method that
can be used to solve mathematical physics problems in which it is difficult to determine
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the most appropriate equation through statistical sampling theory” [36]. Ni suggested that
“for a variable with a specific uncertainty probability density function, the Monte Carlo
method provides an easier solution to the synthetic uncertainty that approaches the real
solution” [37]. Monte Carlo simulation is a broad term for computational algorithms that
generate random numbers (realisations) given a specific density function, as per the Pyrcz
and Deutsch study [38]. Deutsch and Journel report on the Monte Carlo simulation of
random numbers from an arbitrary probability or cumulative distribution function [39].
According to the ergodic theory [40] researched by Chile and Delfiner, a large number of
values must normally be simulated in order for the statistical characteristics (such as the
mean and variance) of the simulated values to converge to those of the original dataset.
When cash flows are sampled across a range of costs, a Monte Carlo simulation can show
how nonlinearity and path dependence affect the estimated cash flow levels.

Monte Carlo modelling has been used in our study to demonstrate a range of possible
outcomes because our database was generated based on variable values that are not suitable
for deterministic modelling.

To estimate oil shale reserves, it is necessary to identify a reasonable saleable product,
i.e., for power production, which could be based on calorific value, or for fuel or chemical
products, which are based on oil yield [31-35]. Current methodologies for estimation of
mineable reserves for the oil shale project do not consider particularly modifying factors
to convert solid mineral reserves to oil reserves. Petroleum and mineral reporting codes
assume only conversion between their named “Proved” and “Probable” reserves but do not
propose the relationship of calorific values with the oil content. For a detailed numerical
analysis, oil shale mineral part chemical composition (e.g., SiO,, Al,O3, Fe; O3, TiO,, CaO,
MgO, SO;3, K70, Na,;O, P,0s5) and kerogen oil elemental composition (e.g., H,C, S, N, O,
H/C) can be considered [4-12]. Ash and sulphur content are key parameters for choosing
the oil-refining technology [4-7].

Thus, to estimate oil shale mineable reserves for shale oil projects, the following
algorithm for the research methodology is proposed:

1.  Analysis of oil shale properties and characteristics, including calorific value, ash
content, oil content, and semicoke.

2. Analysis of the correlation coefficient (Figure 2) for oil content vs. semicoke “(A)”
and oil shale conditional organic mass vs. ash content “(B)” with the help of a peer-
reviewed database (Appendix A) of oil shale deposits around the world.

3. Stochastic modelling with the help of Monte Carlo simulation considering

a. Oil content and conditional organic mass distributions;

b.  Estimation of the variability of the oil content and the productive oil shale seam
thickness;

C. Estimation of recovered oil from the commercial o0il shale seam with variation

of oil in the seam, the seam utilisation factor, and processing recoveries.

4. Analysis of the correlation coefficient for oil content vs. calorific value from the
peer-reviewed database.

5. Stochastic modelling for variations in oil content distribution at the particular calorific
value.

Figure 2 presents the relationships between oil content and semicoke and between
conditional organic mass and ash content.

This demonstrates that most oil shale projects are in the range of 5-20% oil content
and require reasonable technologies for re-handling semicoke products.

The average chemical composition of the oil shale mineral part is presented in Figure 3.

These relationships can be used as a basis for the conversion of oil shale mineral
reserves to shale oil reserves and vice versa.
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Figure 2. Correlation coefficients of oil vs. semicoke (A) and conditional organic mass (OM) vs. ash (B).
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Figure 3. Chemical composition of oil shale mineral part.

For this study, a Monte Carlo simulation is proposed to be used for building models
demonstrating possible outcomes. For producing the models, any uncertainty factor
is replaced by a range of values, which is called the distribution of probability. After
that, numerous computations of the outcomes are produced, at every turn establishing a
variety of stochastic variables for the probability functions. Monte Carlo modelling helps
to determine the value distribution of the probable numbers with several likely outcome
values. For this study, Monte Carlo modelling uses input results from Triangle and Program
Evaluation and Review Technique (PERT) distributions [41-43]. For the simulation of the
oil content and the conditional organic mass, as a major variability, a triangle distribution
for min, max, and most likely (weighted average) values was utilised. In the simulation,
10,000 iterations were used.

Figure 4 demonstrates the modelling outcomes for the oil content and conditional
organic mass (COM) from 96 analysed oil shale deposits, showing that they ranged from
7.5% to 37.2% for oil and from 18.7% to 74% for COM at 90% confidence levels.
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Figure 4. Oil content (A) and conditional organic mass (B) distributions.

The PERT distribution can be used for event impact estimation (i.e., severity). For the
case study, the PERT distribution is applied to estimate the oil shale retorting recoveries
based on the historically derived minimum, most likely, and maximum values, and also to
estimate a potential oil content in relation to calorific values [41-43].

3. Results
3.1. The Case Study Mine

An oil shale called “Kukersite” was formed during the early Upper Ordovician times,
about 460 million years ago. The oil shales have been successfully developed over the
last hundred years for use in producing power, shale oil, heating, and some chemical
products [9,10,29-34].

The study mine employs large-scale room and pillar mining that produces oil shale
via conventional drilling and blasting followed by mucking to conveyors, which transport
oil shale to a beneficiation plant located on the ground surface. Beneficiation is used to
separate oil shale from waste rock (limestone) by applying crushing, sieving, and a dense
media suspension approach. Mines use room-and-pillar mining methods, which account
for 30—40% of oil shale losses. The overburden is a consequence of limestone. Local oil
shale is composed of stratified sedimentary rock rich in organic matter (15-46% kerogen,
26-57% carbonates, and 18-42% clastic materials). Within tectonic dislocation zones, the
karst clay content is about 10-15%. Fractured zones are typically abundant in water and
unstable. The rock in the fractured zones is dolomitised and contains some calcite and
pyrite veins, sometimes with marcasite, galena, sphalerite, and barite [9,10,29-34].

The mined oil shale seam comprises thin layers of oil shale together with thin inter-
vening layers of low calorific limestone. This material, together with some roof and floor
strata (which are unavoidably worked as part of the extraction process), is referred to
as the Run-of-Mine Product (RoM). Enrichment plants process the RoM into a Retorting
Feed Product (RF) by removing most of the limestone and achieving the required calorific
value for the retorting process. Oil shale retorting plants require certain feed qualities
for processing oil shale with optimum efficiency. The processing plants using the Galoter
technology required a feed grade of 16% oil content at a size of 0-25 mm [5-8].

Horizontal retort with a solid heat carrier is named the Galoter type of Retort (Petroter,
Enefit, Petrosix, etc.). The Galoter Retort technology uses a pyrolysis (semi-coking) process
for the processing of fine shale (fractional content from 0 to 25 mm) with a solid heat carrier.
Through a mixture of oil shale and heated ash in the absence of air, the heating and (by
sufficient temperature) destruction of organic matter contained in oil shale occur, followed
by the emission of liquids and gases [5,8].

The gas—vapor mixture generated in the reactor over the pyrolysis process passes
through several treatments for cleaning from ash and solid particles and comes to the
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distillation process for the production of liquid products and high-calorific gas. The Galoter
technology is designed for the thermal decomposition (pyrolysis) of fine-grained oil shale
with the objective of producing shale oils, gas with a high calorific value, and high-pressure
steam. The oil shale pyrolysis process is effected in a drum rotating reactor in the absence
of air at a temperature of 450-500 °C due to the mixture of oil shale with hot ash (as a
solid heat carrier). Liquid products are fed to other units for loading as final products or
for further processing. Gas is fed to the heat power plant for heat and power production.
Steam is fed to the heat power plant for power production. The by-products of this process
include phenol water, flue gases, and ash from thermal processing [5,8].

The RF resulting from these processes is then transported to the retorting plant at a
consistent calorific value of 8.4 M]/kg, or 2007 kcal/kg. This is the product that takes into
account the reduction in tonnage and increase in calorific value following the enrichment
process through the beneficiation plant. The commercial oil shale seam, or RoM, consists of
six oil shale layers specified from bottom to top by indexes A, B, C, D, E, F1, F2, F3, and
four interbedded limestone layers designated as A/B, B/C, C/D, D/E, F1/F2, and F2/F3
(Table 1). Oil shale uniaxial compressive strength is measured at 18-40 MPa, and that for
limestone is measured at 65-82 MPa (Table 1). The volume density of these rocks varies
from 1.2 to 1.7 t/m? and from 2.1 to 2.5 t/m?, respectively. Young module for layer “C” is
E~7.1 GPa and or ~2.5 MPa [8,10,44].

Table 1. Commercial oil shale seam properties.

Layer

Name Layer, m Thickness, m M]/kg 0Oil, % kcal/kg OM, % UCS, MPa Density, t/m3
F3 0.38 3.86 2.72 4.86 650 7.31 25.00 1.73
F2.3/F3 0.15 348 0.16 0.28 38 0.42 67.00 2.12
F2.3 0.19 3.33 2.80 5.00 669 7.52 24.00 1.72
F2/F2.3 0.16 3.14 0.18 0.32 43 0.48 65.00 2.10
F2 0.24 2.98 3.34 5.96 798 8.98 26.00 1.51
F1 0.45 2.74 8.29 14.80 1981 22.28 24.00 1.51
E 0.55 2.29 11.75 20.98 2808 31.58 18.00 1.28
D/E 0.06 1.74 2.47 441 590 6.64 67.00 2.10
D 0.08 1.68 743 13.27 1776 19.97 29.00 1.59
C/D 0.28 1.60 0.00 0.00 0 0.00 82.00 2.45
C 0.31 1.32 11.38 20.32 2720 30.58 26.00 1.38
B/C 0.15 1.01 2.82 5.04 674 7.58 75.00 2.10
B 0.44 0.86 17.42 31.11 4163 46.81 40.00 1.22
Al/B 0.20 0.42 0.22 0.39 52 0.59 65.00 2.25
Al 0.06 0.22 5.84 10.43 1396 15.69 26.00 1.42
A/Al 0.03 0.16 2.44 4.36 583 6.56 32.00 2.10
A 0.13 0.13 11.27 20.13 2694 30.29 32.00 1.37

3.2. Analysis of Oil Shale Seam Properties

Layers from A to F3 are extracted as a single unit (the commercial oil shale seam, “CS”)
of an approximately 3.86 m thickness for our case study underground mine (Table 1).

Oil content is related to the oil shale commercial seams shown in Figure 4A. Oil content
is estimated for the top of the oil shale seam on a composite layer thickness basis and takes
into account only oil shale layers without considering low-grade limestone material. Based
on the data from Table 1, the oil shale can be mined with different seam thicknesses.
Variations of these thicknesses offer it various contents. Figure 5B demonstrates possible
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Figure 5. Variability of oil content (A) and productive oil shale seam thickness (B).

Based on our case study data, the commercial seam thickness and oil content in it can
be estimated by the following formula:

H = 14.287exp 0144+0C, (1)

where H is the seam thickness, OC—oil content.

Commercial oil shale seam thickness was modelled with the help of the Monte Carlo
simulation using the PERT distribution (Figure 5) of the seam thickness by considering the
variability of the oil content (Figure 5B).

3.3. Monte Carlo Simulation

For the simulation of the oil content in the commercial seam as a main variability, a
triangle distribution is utilised, and for Seam Utilisation and Reporting Recoveries, a PERT
distribution for min, max, and weighted average values is utilised (Figure 6). In Figure 6A,
all layers, including low-grade limestone material are considered. These outcomes should
be taken into account while considering the beneficiation process. Figure 6B demonstrates
the outcomes only for oil shale layers that are processed to achieve the required retorting
feed grade of 16%. Figure 6C demonstrates oil shale seam utilisation (SU), which is the
volume of limestone layers divided by oil shale layers. The retorting plant recoveries based
on historical data are shown in Figure 6D.

It should be noted that this shale oil is not a final product and it requires additional
refinery processes to produce final saleable oil and chemical products.

Based on our case study, the developed method proposes to consider relationships of
in situ (RoM) grade and tonnage material (waste + oil shale) to the beneficiated material
(Retorting Feed Product) grade and tonnage which is actually the Seam Utilisation (SU)
factor, and to take into account the retorting plant recoveries (RR):

Recovered oil (kg) = RoM * SU * RR. (2)

Using input parameters received from our case study, Monte Carlo modelling demon-
strated that the recovered oil from the retorting process ranges from 57 to 69 kg per tonne
of RoM material (Figure 7).
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Figure 6. Oil yield from the commercial oil shale seam.
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Figure 7. Recovered oil.

4. Discussion
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Zelenin and Ozerov suggested some industrial classification of oil shale, which in-
volves the combination of estimation criteria characterising the industrial value of each
type of oil shale by considering its quality. They proposed Sapropelic at a 12.5 M]/kg
oil content over 30%, Sapropelic-Humus at a 8.4-12.5 M]/kg oil content 10-12%, and
Humus-Sapropelic at a 6.3-8.4 M]/kg oil content below 10% [12].
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These proportions of oil content to calorific value are based on different types of oil
shale and cannot be used for a good correlation analysis. Baukov derived relationships
only between calorific value and density; Grabovskiy developed correlation coefficients for
ash and calorific value but not in relation to oil content [11,12].

Reinsalu et al. [8,9] derived that the calorific value and oil content are in direct relation
to the kerogen content. Kerogen’s calorific value is 35 + 3 MJ /kg; thus, the oil shale calorific
value formula is

Q=35K,MJ/kg, §)

where K is kerogen fraction (100% = 1), and its oil content formula is
T=655K=1.86Q %. 4)

However, this formula can be valid only for the Kukersite type of oil shale based
in Estonia.

For this study, calorific value and oil content data from the operational oil shale projects
located in Estonia, China, and Brazil were analysed. Based on this analysis, the correlation
coefficients for oil content and calorific value were produced (Figure 8). R? = 0.9 shows a
confident level of correlation.

40 y = 0.0087x - 5.6261
35 R2=0.908
.’_..
30 o .
°.
¢ 2 e
= 20 oo
S ® T o °
15 o . 2
10 °® > '.:.
5 oA o
0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
CV, kcal

Figure 8. Calorific Value vs. Oil content.

The received correlation coefficient between oil and calorific value can be used as a
modifying factor in cases where oil shale deposits are estimated in accordance with Mineral
Reserve codes and must be re-estimated to Petroleum (Oil) Reserves.

Oil = 0.0087 * CV — 5.6261. )

The Monte Carlo simulation shows that for oil shale, the calorific value varied from
1556 to 3949 kcal/kg, and the oil content lies between 8.2% and 28.6% for the derived
relationship (Figure 9).

The above-analysed data are recommended for stochastic modelling of possible out-
comes for recoverable o0il based on calorific value. For example, at a calorific value of
2000 kcal/kg, the Monte Carlo simulations show that it ranges from 9.6 to 13.8% (Figure 10).

Simulation results also demonstrated that there is only a 5% chance that the oil content
will be less than 9% (Figure 10).

The proposed methodology will help examine oil shale reserves for shale oil projects.
The derived modifying factor is capable of converting mineral reserves into petroleum reserves.

The results of this study may be useful for feasibility studies estimating oil shale
quantity and quality in order to consider their utilisation area. Some oil shale deposits have
good potential for development but need to be re-estimated in accordance with the most
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sophisticated extraction and processing technologies. According to this study, oil shale
deposits can be characterised as having a suitable oil content and an appropriate heating
value for industrial projects.
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Figure 9. Simulated calorific Value vs. Oil content.
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Figure 10. Variation of oil content at 2000 kcal/kg.

5. Conclusions

A comprehensive method for the modified estimation of oil shale mineable reserves for
shale oil projects was developed. The study methodology analysed data from 96 worldwide
oil shale deposits to develop consolidated commercial estimation criteria characterising oil
shale by calorific value, oil content, conditional organic mass (COM), and ash content.

A case study on Kukersite type oil shale, which is used for the production of shale
oil, power generation, and numerous chemical products, was produced. Based on the case
study results, the developed method proposes to consider the relationships of in situ oil
shale grade and tonnage material (oil shale + limestone) to the oil retorting feed material
grade and tonnage by taking into account the retorting plant oil recovery. Using these as
input parameters, a Monte Carlo simulation derived the likely results for the recovered oil
from the retorting process and demonstrated that it ranged from 57 to 69 kg per tonne of
RoM material. For this, a Monte Carlo stochastic modelling algorithm was developed.

From commercial oil shale characteristic data analysis, the correlation coefficient
between oil and calorific value was received: Oil = 0.0087 * CV — 5.6261.

This correlation can be used as a modifying factor to convert mineral reserves to
petroleum reserves.
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These specific practical numerical results can be applied to testing various oil shale
deposits. The results of this study are useful for feasibility studies estimating oil shale
quantity and quality in relation to justifying their utilisation. Several oil shale deposits
might have potential for extraction but need to be re-estimated in accordance with the most
sophisticated development and processing methods.

The results obtained in this case study on the specific production facilities and based
on a database from 96 oil shale deposits are prospective for use in various regions and are
prospective for the countries in which the data was used for analysis.
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Appendix A

# Name Ash, % Org::ii;i/?;i % 0Oil, % Semicoke, %
1 Olenyek (Russia, Yakutia) 6.9 87.7
2 Kvarntorp (Sweden) 79 20.0 6.7 86.4
3 Kukersite (Estonia) 46.5 35.5 23.3 71.0
4 Tetraspis (Estonia) 79 15.2 6.4 89.9
5 Ashinsk (Russia, Bashkiria) 69.7 14.8 6.3 90.2
6 Turovo (Byelorussia) 70.1 17.2 8.6 87.1
7 Lyuban (Byelorussia) 71.1 11.7 6.3 90.2
8 Ukhta (Russia, Komyi) 76.4 10.6 43 94.6
9 Chernozatonsk (Kazakhstan) 36.2 54.0 22.8 57.4
10 Lemeza (Russia, Bashkiria) 72.1 27.7

11 Selenyakh (Russia, Yakutia) 53.7 11.9

12 Antrim (USA) 82.6 16.7 3.7 90.4
13 Westwood (Geat Britain, Scotland) 77.8 19.0 8.2 86.6
14 New Glasgow (Canada) 76.9 18.8 53 88.7
15 Nova Scotia (Canada) 62.4 344 18.8 77.7
16 Ermelo (South Africa) 44 54.2 17.6 75.6
17 Kenderlyk, the Kalyn-Kara seam (Kazakhstan) 51.6 48.4 9.7 70.0
18 Kenderlyk, the Karaungur seam (Kazakhstan) 76.4 21.7 13.6 76.7
19 Kenderlyk, the Saikan seam (Kazakhstan) 77.2 22.0

20 Ust-Kamenogorsk (Kazakhstan) 74 22.8 8.0 84.0
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# Name Ash, % oé::ii;\i/?;;;} % 0il, % Semicoke, %
21 Pashin (Russia, Perm District) 73.4 26.5 6.0 86.4
22 Glen Davis (Australia) 51.6 48.4 30.9 64.1
23 Puertollano (Spain) 63 35.0 17.8 78.4
24 Irati (Brazil) 64.2 34.0 10.8 82.6
25 Otain (France) 73.7 19.8 8.2 87.2
26 St.-Hilaire (France) 69.3 27.3 9.5 85.9
27 Cerro Largo (Uruguay) 78.4 21.6 42 81.6
28 Verkhnetutonchansk (Russia, Krasnoyarsk District) 31.2 63.3
29 Omolon, Astronomicheskaya River region (Russia) 78.3 21.5
30 Omolon, Levyi Kedon River region (Russia) 82.2 17.6
31 Bogoslov, seam II (Russia, Yekaterinburg District) 36.1 60.9 219 62.8
32 Alyouisk (Russia, Irkutsk District) 60.8 38.9 9.2 81.7
33 Budagovo, (Russia, Irkutsk District) 45.6 252
34 Budagovo, humic sapropelite (Russia, Irkutsk District) 28.5 68.6 52 72.0
35 Budagovo, humic sapropelite (Russia, Irkutsk District) 52 42.8 18.9 721
36 Bouinsk (Russia, Tatarstan) 65 24.0 8.5 76.9
37 Voronye-Voloskovsk (Russia, Vyatka District) 75.3 20.1 57 87.5
38 Wiirtenberg (Germany) 70.8 9.5 4.5 94.0
39 Sysol, Ibsk deposit (Russia, Komyi) 72.7 21.4 7.7 76.8
40 Kashpir (Russia, the Volga oil shale basin) 58.2 30.5 12.0 79.8
41 Kimmeridge (Great Britain, England) 37.7 59.8 25.5 60.2
42 Levosviyazh (Russia, Tatarstan) 68.3 23.4 8.8 81.4
43 Manturovo (Russia, Nyzni Novgorod district) 57.3 39.2 12.9 72.0
m ObshchiS'yrt, seam P3A (Russia, the Volga oil 56.0 138 16 737
shale basin)
45 Perelyub-Blagodatsk (Russia, the Volga oil shale basin) 47.2 45.6
46 Simbirsk (Russia, the Volga oil shale basin) 62 31.9 9.2 81.2
47 Kharanor (Russia, Chita District) 76.4 23.6 6.4 88.0
48 Khakhareisk, boghead (Russia, Irkutsk District) 423 345
49 Khakhareisk, oil shale (Russia, Irkutsk District) 439 56.1 11.4 76.9
50 Chagan (Russia, Orenburg District) 35.7 56.7 249 56.0
51 Sysol, Poingsk region (Russia, Komyi) 66.8 27.9
52 Savelyev (Russia, the Volga oil shale basin) 61.4 27.8 10.5 80.5
53 Yarenga (Russia, Komyi) 22.4 76.0 32.6 432
54 Nebi Musa (Jordan) 63.1 22.0 13.6 80.4
55 Olenyek, boghead (Russia, Jakutia)
56 Timahdit (Morocco) 68.8 23.1 5.6 92.9
57 Um-Barek (Israel) 57.2 24.7 6.4 88.4
58 Efyie (Israel) 56.1 239 7.6 87.9
59 Baisun (Uzbekistan) 55.2 38.0 13.5 73.3
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Conditional

# Name Ash, % Organic Mass, % 0il, % Semicoke, %
60 Eastern Chandyr (Uzbekistan) 66.1 18.8 5.0 85.0
61 Eastern Urtabulak (Uzbekistan) 53.9 39.8 10.6 72.3
62 Kapali (Uzbekistan) 60.1 29.7 7.6 83.8
63 Kultak-Zevardy (Uzbekistan) 62.6 22.8 6.2 83.0
64 Pamuk (Uzbekistan) 63.7 15.6 3.7 87.3
65 Sangruntau (Uzbekistan) 74.8 239 6.1 84.9
66 Todinsk (Uzbekistan) 65.7 27.8
67 Shurasan (Uzbekistan) 63.2 9.5 35 93.5
68 Bulgary (Tadjikistan) 62.8 29.1
69 Garibak (Tadjikistan) 51.2 48.6 16.5 78.4
70 Kulyiali (Tadjikistan) 77.3 22.6 3.1 91.6
71 Lyangar (Tadjikistan) 88.6 11.3
72 Tereklitau (Tadjikistan) 759 16.4 6.6 85.8
73 Yarmuk (Syria) 59.5 5.4
74 Boltysh (Ukraine) 61.5 349 17.5 729
75 Green River, Rifle, Colorado (USA) 60.3 20.6 13.7 80.3
76 Green River, Utah (USA) 61.6 194 11.5 82.9
77 Borov Dol (Bulgaria) 77 19.7 8.2 88.0
78 Pirin (Bulgaria) 60.9 34.5 13.9 72.8
79 Mandra (Bulgaria) 58.7 27.7 18.0 77.0
80 Menilitic (Ukraine) 79.6 19.9
81 Gurkovo (Bulgaria) 83.3 10.8 4.2 91.7
82 Krasava (Bulgaria) 75.5 109 5.3 91.2
83 Koprinka (Bulgaria) 83.3 15.6 6.0 88.3
84 Novodmitrovo (Ukraine) 74.1 21.1 5.1 86.3
85 Nevada (USA) 46.2 53.2
86 Orepuki (New Zealand) 32.7 65.6 24.8 57.6
87 Condor (Australia) 64.5 33.0 6.2 83.6
88 Aleksinac (Yugoslavia) 79 18.2 10.3 79.9
89 Mae Sot (Thailand) 68 21.0 26.1 66.3
90 Pula (Hungary) 56 33.2
91 Tremembé-Taubaté paper shale (Brasil) 60.3 39.5 211 71.7
92 Tremembé-Taubaté lumpy shale (Brasil) 82.3 174 4.0 89.4
93 Guandun (China) 72.1 259
94 Huadian (China) 73.7 20.3 9.5 829
95 Fu Shun (China) 75.4 21.2 7.8 84.7
96 Maomin (China) 73.4 25.2 8.8 84.1
Average 63.93 29.0 11.86 79.07
Min 22.40 5.40 3.10 25.20
Max 88.60 76.00 45.60 94.60
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