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1. INTRODUCTION

The future of oil shale mining is closely related to the past and current situation
in Estonian deposits and international oil prices. Mining and processing
technology has been continuously developed but further development of BAT
(Best Available Technology) technological decisions are required for meeting
environmental and economic requirements.

Estonia is currently an independent energy producer due to existing oil shale
deposits and favourable mining and processing conditions. Estonia is presently
the only Baltic State with an own oil shale deposit, which is used as fuel for
independent local energy producers. Conditions in the Estonian energy market
will change in the near future, however, especially following the deregulation of
regional energy from 2013. Conditions in the energy market are changing daily,
and there is great pressure to use “green” energy, which is subsidized by the
Estonian government. Deregulation of the Estonian energy market will greatly
affect the local energy market. As a result, oil shale producers need to think
today about how to be successful in the future.

More and more conditions of mining are changing for the worse and more strict
environmental requirements engender situation where mining companies have
to apply new methods of mining. Methods in the result of which environment
would be threatened as little as possible and high quality products could be got.
One of such methods is high-selective mining of oil shale by surface milling
cutter. Surface miner allows to mine oil shale environmentally sustainable, to
reduce losses, to improve oil shale heating value as well as helps Power Stations
to decrease the volumes of SO, NO,, ash and CO, by environmental
requirements. Strict environmental standards gave an impetus to Power Plants
to research oil shale use of different heating value.

The most perspective advantage of SM is high-selective mining. Surface Miner
can cut limestone and oil-shale seams separately and more exactly than rippers
(2...7 cm) with deviations about one centimetre. It is estimated that precise
cutting enables Surface Miner to increase the output of oil shale up to 1 ton per
square meter. It means, that oil-shale looses in case of SM technology can be
decreased from conventional 12 up to 5 percent. The oil yield increase by 30%,
up to 1 barrel per tonne during the oil shale retorting, because of better quality.
The same principle is valid for oil shale burning at Power Plants because of less
limestone content in oil shale. It results to higher efficiency of boilers, because
up to 30% of energy is wasted for limestone decomposes during the burning
process. Positive effect would result in lower carbon dioxide and ash emissions.
High-selective mining allows to use extracted oil shale without preparation and
to generate electric energy in new fluidized bed boilers. Because of that
emissions of CO, are reduced by 20 % and ash amount is reduced up to 15 %.



Presented thesis is an overview of technological and environmental problems
and a search for optimum decisions to reduce environmental impacts. A
practical version of optimisation that is possible to use as a background for the
BAT optimisation methodology is presented in this thesis on example of high-
selective mining in situ tests. The thesis deals with risk management problems
in Estonian oil shale mines also. Investigations are focused on application of the
method to determination of the quality of geological data and with risk
assessment of a high-selective oil-shale mining technology using surface miner.

The main targets are:

e Overview of the oil shale usage in Estonia.

Analysis of oil shale quality, surface miner environmental impacts, CO,
capture and storage technologies.

Analysis of available mining parameters with surface miner by the
quality, extraction and productivity factors.

Elaboration of the optimization methods of cutting parameters and
estimation of their potential applicability by analysis of actual statistical
data.

e Analysis of risk management problems in Estonian oil shale mines.

The methods include theoretical and practical research of proposed modern
mining technology with flexible operating system, analysis and comparison of
different cutting schemes and parameters, collecting and interpretation of actual
technological data, creating a database and elaboration of calculation methods
for the BAT optimization, monitoring and calculation of main technological
parameters.

The adequacy of the proposed methods is proved by the in-situ tests and
laboratory investigations. Analysis has shown that the received results are very
close to the data obtained in practice. For risk estimation, the empirical and
judgmental approaches and the event tree were used. They allow determining
the probability of the occurrence of geological features and its influence on the
mining process.

The originality of the study consists in the areas of application. It enables to use
elaborated methods and mining schemes for various mining conditions,
especially when stratified structure of excavated seam is presented. Results
which will be obtained by presented thesis can result in applications in different
industrial sectors. The main applications will of course be found in the surface
high-selective mining and road construction sectors. New applications could be
seen in zones where rock soils could be transformed into zones with agricultural
capacities. To avoid a potential problem of non-utilizable waste in stockpiles of
mine areas, selective mining leaves the low-grade ore in mined-out surface
areas. Analysis showed that the risk management method used is applicable to
mining industries, which are of particular interest for practical purposes.
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The main ways of increasing output material quality are high-selective mining
or more effective processing after mining. The tests of mechanical mining have
shown that selective mining with ripper-dozers have proved themselves, but in
order to decrease losses, higher accuracy of cutting samples is needed. Selective
mining, in particular highly selective mining, enhances the possibility of mining
out minerals at the required quality. The cutting process enables the mineral
resource to be utilized more effectively while lowering the environmental
impact at the same time. The disturbing impact of drilling and blasting
operations in quarries and opencast mines next to densely populated areas
causes vibration, dust and noise emissions that are valid arguments to stop
operations where blasting is used. The highly selective surface miner
technology offers excellent perspectives due to reduced noise levels, non-
existent vibration and reduced dust emission levels.



1.1. Geology of Oil Shale Deposit

Oil shale is an argillaceous and carbonaceous, fine grained sedimentary rock of
which waxy organic matter known as kerogen forms a substantial part. It smells
oily and, like coal, can be burnt without preliminary processing. Shale oil, along
with gas and residual carbon, can be produced from it through heating in retorts
at temperatures of around 500°C. The first production of shale oil on an
industrial scale took place in France in the 1830s. It has a lower energy capacity
(heating value) than any form of coal. The Estonian oil shale, when compared to
other world deposits, has a high kerogen content, low sulphur content and good
separation of oil.

Estonian oil shale is called kukersite and is the most important mineral resource
of the country. It is now generally agreed that marine algae deposited in shallow
coastal waters are the source of the organic material in the shale and that the
algal structures have remained largely unchanged or have undergone only minor
changes. The exploitable seam of kukersite accumulated on a carbonate shelf
along the southern margin of a lowland area that occupied southern Finland
during early Upper Ordovician times, approximately 460 million years ago.

The content of kerogen in thin individual beds ranges from 15 — 55%, with oil
yields from the kerogen of 65 — 67%. As such, it is the second highest yielding
oil shale in the world, after those in Australia. Aside from its organic content,
the rock contains detrital material in the form of clay with subsidiary quartz,
feldspar and carbonate in the form of calcium carbonate (limestone) and less
frequently dolomite.

The light brown to chocolate brown kukersite occurs in up to 50 very thin beds,
but the only exploitable section is of early Upper Ordovician age (Kukruse
Stage, Viivikonna Formation, Kividli Member) where several beds of oil shale
occur within approximately 3 m of strata comprising interbedded layers of
kukersite and limestone. Thinner kukersites are also found in slightly older
strata (Uhaku Stage, Middle Ordovician). This exploitable seam is of economic
interest within an area of some 400 km® (the Estonian deposit), approximately
50 km from west to east (from Kividli to the Narva River) and 20 km maximum
from JGhvi in the north to Viike-Pungerja in the south. It continues eastwards
into Russia (the Leningrad deposit). The seam also continues further west and
south in a thinner and poorer quality form. Much of the remaining area which
has not yet been worked lies to the south and southeast of Estonia and Narva
and between the two sites and is designated as “reserved areas” (areas of
ecological importance).
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Generally the oil shale thins and decreases in heating value from north to south

across the deposit.

H-G | 0.99
G | 088
F2 | 021
F1 | 041
E | 052

—D 00
D/C | 0.23

c | 039
—CB 1 0.21
B | 0.40
BA | 0.18
AAT | 0.22

Figure 1. Generalised
structural cross-section of
the Estonian oil-shale bed
for testing area.

The productive oil shale unit (Figure 1) being
exploited throughout the Estonian deposit
comprises a number of kukersite beds with
intervals of limestone. In total, the workable unit is
typically 2.5 to 3.0 m, comprising 1.8 to 2.6 m oil
shales and 0.6 to 0.7 m limestone. Each bed has
variable amounts of carbonate, organic matter and
detrital matter. Beds are assigned letters from A
(and sometimes Al, F2 etc) at the base up to J.
Interbeds of limestone are assigned the letters of
the underlying and overlying kukersite (thus A/B,
C/D etc). Average bed thicknesses generally range
from 0.10 m to 0.60 m.

Bed A comprises argillaceous oil shale up to 0.20
m in thickness and is separated by a discontinuous
thin nodular limestone (A/Al) from Bed Al,
another thin argillaceous oil shale. Above this lies
a bluish-grey argillaceous limestone 0.15 to 0.18 m
thick, then Bed B, the

thickest oil shale layer (0.4 up to 0.80 m in the
south, but thinning towards the edge of the
deposit) with a high kerogen content and a
chocolate brown colour.

Limestone B/C is approximately 0.10-0.21 m thick
and is beige and nodular in appearance. Bed C oil
shale is some 0.30 m and has a lower kerogen
content than Bed B and contains two or three
layers of discontinuous limestone nodules. A

relatively pure limestone (C/D) of about 0.25 m splits the middle of the

productive unit.

Bed D, some 0.10 m of slightly argillaceous oil shale, is overlain by a hard,
uneven, kerogen-rich limestone (D/E) of about 0.10 m, and then by Bed E,
0.40-0.5 m of reddish-brown kerogen rich oil shale. The overlying limestone
(E/F1) and oil shales F1 and F2 have transitional boundaries with a gradual
decrease in kerogen content upwards through Beds F1 and F2.

The disposition of the kukersite and interbeds, from a mining perspective, is
such that beds A to F1 are usually extracted as a single unit (seam) in open pits
and underground operations. In some open pits the unit is selectively dug with
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Beds A-Al, B-C and D-F1 and the principal partings (A/B and C/D) being
extracted separately. Sometimes the overlying Seam F2 is included in the
working section, dependent upon its quality. Beds E/F1, F1 and F2 are often not
easy to distinguish individually.

The compressive strength is 20 MPa to 40 MPa compared to 40 MPa to 80 MPa
for limestone. The density of oil shale is between 1.4 t/m’ and 1.8 t/m’ and that
of limestone is between 2.2 t/m® and 2.6 t/m’. The heating value of oil shale
deposit is fairly consistent across the deposit. There is a slight decrease in
quality from the north to the south, and from the west to the east across the area.
Additional information can be read in Paper I.

1.2. European Union Directives and “BAT” Definition

Best available techniques not entailing excessive costs (BATNEEC), sometimes
referred to as best available technology (BAT), was introduced with the 1984
Air Framework Directive (AFD) and applies to air pollution emissions from
large industrial installations.

In 1996 the AFD was superseded by the Integrated pollution prevention and
control directive (IPPC), 96/61/EC, which applies the framework concept of
Best Available Techniques (BAT) to the integrated control of pollution to the
three media air, water and soil. The concept is also part of the directive's recast
in 2008 (2008/1/EC) and its successor directive (Industrial Emissions Directive)
published in 2010.

In the European Union directive 96/61/EC emission limit values were to be
based on the best available techniques, as described in item #17: "Whereas
emission limit values, parameters or equivalent technical measures should be
based on the best available techniques, without prescribing the use of one
specific technique or technology and taking into consideration the technical
characteristics of the installation concerned, its geographical location and local
environmental conditions; whereas in all cases the authorization conditions will
lay down provisions on minimizing long-distance or transfrontier pollution and
ensure a high level of protection for the environment as a whole” [Council of
the European Union, council directive 96/61/EC].

The above mentioned directive includes a definition of best available
techniques:

"best available techniques" shall mean the most effective and advanced stage in
the development of activities and their methods of operation which indicate the
practical suitability of particular techniques for providing in principle the basis
for emission limit values designed to prevent and, where that is not practicable,
generally to reduce emissions and the impact on the environment as a whole:
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a) "techniques" shall include both the technology used and the way in which
the installation is designed, built, maintained, operated and
decommissioned,

b)"available" techniques shall mean those developed on a scale which
allows implementation in the relevant industrial sector, under
economically and technically viable conditions, taking into
consideration the costs and advantages, whether or not the techniques
are used or produced inside the Member State in question, as long as
they are reasonably accessible to the operator,

c) "best" shall mean most effective in achieving a high general level of
protection of the environment as a whole.

The requirement for using a more effective extraction method is related to the
worsening of mining conditions for oil shale and the increase in environmental
taxes. Higher quality (heating value, moisture, grain size) and courser material
is required for more effective usage of boilers and generator units in power
stations and oil plants [Valgma, 2008]

1.3. Environmental Impact, CO, Capture and Storage Technologies

Oil-shale resources of Estonia are state-owned and lie in the Estonian deposit
which is of national importance. State has issued mining licenses to the mines
and pitches allowing them to perform mining works. About 98% of electric
power and a large share of thermal power were produced from Estonian oil
shale. Power stations can burn oil shale with net heating values of around 2.050
kcal/kg or heating value 8.4 MJ/kg. Net heating values of oil shale used for
retorting and chemical processing must be approximately 2.700 kcal’kg or
heating value 11.4 MJ/kg.

Stratified structure of oil shale seam specifies that content and properties of the
fuel supplied to the Power Plants largely depend upon the conditions of oil shale
mining and enrichment. Limestone interbeds attending to saleable oil shale are
the decisive factor. Estonian Power Plants are trying to upgrade heating value of
oil shale used as well as to reduce content of ash and CO, [Paper II].

More and more strict environmental requirements produce new challenges to
Power Plants to reduce emissions discharged into the environment. The main
requirements for Power Plants are as follows:
e overall limit amount of SO2 emitted by the oil shale burning plants
should be about 25 000 t/per year since the 1st of January, 2012.
e ash disposal should be carried out according to Landfill Directive by
January, Ist, 2013.
e all boilers should meet the requirements of LCP Directive by January,Ist,
2016.

13



This gave an impetus to Power Plants to research oil shale use of different
heating values.

One of the possible alternative solutions for Power Plants is to research usage of
oil shale of 10.5 MJ/kg or 11.5 MJ/kg heating value [Ots. A, 2007]. Alternative
capacity in electric power generation of a new complex is 2x300 MW or 2x400
MW and heating value of oil shale used at EEJ (block of fluidized bed) and at
shale oil plant (TSK-140) is 8.5, 10.5 or 11.5 MJ/kg.

When using oil shale of the above mentioned heating value in the blocks of
fluidized bed sulphur dioxide (SO,) emissions into atmosphere are very small.
They make up some percent from 25 000 ton. In the mode of pulverized burning
emissions of SO, of four blocks make up maximum 13 000 ton. In addition to
this it is necessary to install NOy equipment by 2016.

During burning carbon dioxide (CO,) is emitted into atmosphere too. During oil
shale burning in addition to CO, emerging from carbon burning there is surplus
amount of CO, arising from limestone decomposition. Under conditions where
prices for CO, quotas are high it is necessary to actuate all possibilities for CO,
reduction. Emitted CO, has to be caught and stored.

In the world roughly 60% of the CO, emissions takes place at large stationary
source, such as electric power plants, refineries, gas processing plants and
industrial plants. In the majority of these processes, the exhaust flue gas
contains diluted CO, (5% to 15%) One options is to separate the CO, from other
gases. Another option is to remove the carbon before combustion, as in the case
where hydrogen and CO, are produced from natural gas (CHy).

Captured CO, can be either stored or reused (e.g. resource for producing soft
drinks or in greenhouses to help plant growth). Because the market for CO,
reuse in currently limited, the majority of CO, extractedneeds to be stored. CO,
can be stored in geologic formations (including depleted gas reservoirs, deep
saline aquifers and unminable coal seams). CO, can

also be fixed in the form of minerals.

In Estonian there are two ways of storage CO,. One is open-cast, ash field
storage and another is open-cast storage or underground back filling.

I version: CO; open-cast, ash field storage. Ash and minimal quantity of water
is bumped into tank, which is next to pot. Ash and water are mixed and then
CO, is carried into the mixture. Unnecessary CO; is lead to chimney. Dry pulp
form mixture is transported to open-cast or ash fields.

1l version: CO; open-cast storage or underground back filling. Ash and water is
bumped into tank, which is next to pot. Ash and water are mixed and then CO,

14



is carried into the mixture. Unnecessary CO; is lead to chimney. As appropriate
pulp and CO, mixture is transported to open pit, ash field or underground mine.
When pulp and CO, mixture is transported to mine, then tails are added and the
mixture becomes petrify fill. In such case it is possible to make new pillars in
the mine and to extract more oil shale from pillars.

The main reason for developing oil shale mining technology is to decrease CO,
emissions from furnaces and to offset the continuing decline of mining
conditions and increase of oil price as side product for Estonian electricity
production. BAT analyses showed that one of the solutions for increasing oil
shale quality (heating value as well as grain distribution) is selective mining.
Tests have shown that mechanical cutting is possible, and the size distribution
and increasing oil shale quality are possible. In addition to better quality of the
product that is related to the higher yield and less dilution, the opposition of
society to the mining industry decreases due to its lower impact on the
surroundings. The results of the test can be used for redistricting of mining
regions and for creating criteria for resource usage and mining impact
evaluation [Valgma, 2008].

Mining conditions are degreasing continuously, therefore new technologies
must take in use to increase output materials quality, to protect environment and
to make mining more effective. One effective way is to use high selective
mining method, such as mining with Surface Miner.

2. METHODOLOGY OF “BAT” ACHIEVEMENT

In context of Surface Miners technology the BAT is taking into account
limitations to optimum achievements in: technical, technological, economical,
environmental and social sphere.

The technical optimum characterized by lowest specific energy consumption
(optimized fuel consumption) during mechanical rock cutting. It is in
dependence from other parameters like direction of cutting (up-down or down-
up), right cutting tools, thickness of cutting, advance rate per cutting and etc.

The technological optimum is availability of highest production rates
achievement thru the operating regulations and cost effective changes in
technological steps. It is in dependence from so-called direct effects like loading
method (sidecasting or direct truck loading), optimized fuel consumption (shift
time distribution, operating time on cutting) when high-selective mining
technology with surface miner is applied.

Environmental optimum is in decreasing losses of minerals and lowering the
impact on the environment from surface mining, is optimized usage of mineral
resources in the economy, and to establish sustainable development of mining,
land usage, resource and surface usage. It is in dependence from couple of
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indirect effects which reducing cost price due to less mineral (oil shale) loss and
as a result lesser: reclamation cost, royalty taxes, overburden operating cost and
available additional income from oil shale looses decreasing.

Methodology of BAT allows for decreasing expenses both in mining and
planning. The experiences, gained in this field, can be used for other similar
deposits elsewhere. It is possible to extract minerals in populated areas with
suitable technology and at an acceptable cost. The criteria for solving the
problems include minimum influence and cost, minimum influence to the
environment and social sphere, minimum waste and residue production and
maximum benefit for society, economy, education and country.

Thesis offers the determination of BAT to consider in particular the following,
giving regard to the likely costs and advantages of measures and to the
principles of precaution and prevention:

o the use of low-waste technology;

o the furthering of recovery and recycling of substances generated and used
in the process and of waste, where appropriate;

comparable processes, facilities or methods of operation, which have
been tried with success on an industrial scale;

technological advances and changes in scientific knowledge and
understanding;

the nature, effects and volume of the emissions concerned;

the need to prevent or reduce to a minimum the overall impact on the
environment (mineral extraction or recovery) and the technological
risks to it.
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3. AVAILABLE SURFACE MINERS

Surface miners find their natural applications in projects where drilling and
blasting is prohibited or where selective mining of mineral seams, partings and
overburden is required. Besides they offer further advantages as for example:

Less loss and dilution.

o Improved recovery especially in areas sensitive to blasting.
Less stress and strain on trucks due to minimum impact of the
excavated material.

e Primary crushing and fragmentation.

e Reduced capacity requirements for preparation plants.

The most important parameter is the cutting tool. The selection of right cutting
tool is essential for good cutting performance & high life, since, it constitute a
major portion of operation cost of the machine. The cutting depth can be
regulated by automatic leveling system mounted on the machine, the pre-
selected cutting depth is maintained either automatically or manually. Based on
the cutting direction and position of the drum, the surface miner is classified in
three types.

Basically three types of surface miners are available on the market today:

e with middle drum configuration (Wirtgen);

e with front boom cutting drum (Vermeer; Man Takraf; Rock Hawg;
Trencor, etc.)

e with front cutting wheel (KSM).

Of these three types of machines the machines with middle drum configuration
(the SM type machines from Wirtgen) find the widest range of applications
especially in small scale operations below 1000 t/h required output (Figure 2).

Figure 2. Wirtgen SM 2500 at Estonia in 2007 (Narva open-cast)
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Today, there are more than 280 Wirtgen Surface Miners work in all kind of
material from soft lignite to hard rock (granite) and realize a performance range
from 100 to 3000 tonnes per hour.

The Large Surface Miner with Front Cutting wheel — KSM type machine from
Krupp Fordertechnik is three times bigger than the largest SM type machine and
specially designed for large scale operations in overburden and coal.

The Surface Miner shown in the figure 3 has been operated since 1996 in the
Russian Open Pit Mine Taldinskij to mine overburden. Designed for an output
of 3500 - 4000 t/h in materials ranging from 30 to 40 MPa in hardness, the
KSM has already proved it’s ability to dig material with a uniaxial compressive
strength of 100 MPa, of course at a reduced production level.

The surface miner as presented offers the possibility to mine the different
materials selectively, as it is offered for all other surface miners available in the
market, which operate, however, normally at much lower capacities.

Figure 3. KSM 2000 at Russian Open Pit Mine Taldinskij since 1996

In view of the applied mining technology, the KSM is not suitable for the
mining of soils with plastic consistency such as clay or loam, whose natural
water content exceeds the plastic limit. Machine is capable mining of changing
rock layers with thickness exceeding 0.5 m. The maximum dimensions of the
cut are 0.6-times the bucket-wheel diameter by the width of the four bucket-
wheels.

The most favorable operating conditions for the KSM are a relatively long and
even bench. At the end of the bench, sufficient space should be available for
turning and ramping in and out of the cut.

The front boom cutting drums machines or modified trenchers traditionally

equipped with front boom. Most of manufactures offering down-cutting
method, but for example Astec Industies Company (Trencor Road Miner) offers
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both a down-cutting method for softer rock and an up-cutting method for harder
materials.

Figure 4. Vermeer T1255 tests at Estonia (left) and Belgium (right) in 2007

In terms of the difference between the Vermeer T1255 concept and other
surface miners, such as those from Wirtgen and Takraf, a major distinction is
“Vermeer’s philosophy” of decoupling mining and loading; i.e. not loading
directly from miner to truck. When coupling mining and loading, the
availability of the miner drops, logistics [are] more complicated and mining
efficiency is less. Vermeer’s top-down cut ensures the shortest contact possible
between the cutting edge and the mined ore [Mining Magazine; November
2008].

But in conditions when high selectivity required the front or rear crawler
concept with the downward rotating drum does not allow precise cutting depth
control. Especially when harder sections come up the danger of climbing up
(cutting depth reduction) will occur. The system is unstable and required
continuous control.

4. CUTTING DIRECTION IMPORTANCE

Evaluation of breakability and cutting direction importance for Estonian Oil
Shale deposit was performed by a method developed by A. A. Skotchinsky
Institute of Mining Engineering (St Petersburg, Russia) in 1970-1980-s. For this
purpose over a hundred samples produced by cutting of oil shale and limestone,
as well as taken in mines by mechanical cutting of oil shale were analyzed. In
researches evaluations were made for using coal-mining equipment for mining
oil shale [Adamson, A., 1998]. There are two possible cutting directions of rock
cutting: up-down (top-down) and down-up (Figure 5).
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Figure 5. Direction of rock cutting up-down (4.) and down-up
(B.); RM is rock massive (Nikitin O., 2003)

Comparative evaluations were made by the experimental cutting of oil shale in
both directions —up-down (on closed surface) and down-up (on open surface)
the bedding, including also mining scale experiments with long-wall shearers at
“Tammiku” and “Estonia (902 lava)“ underground mine (see table 1).

Table 1. Mining scale experiments results for different direction of cutting at
“Estonia” mine

. Specific energy 25 o Cutting tO.OIS
Layer th(ij(l:lliggsgs, consumption, kWh/bm’® -2> mm output, 7o COIi?lllggz)tlfn’
to cut
m up-down | down-up | up-down down- up- down-

up down up

A-C |13 1.3 0.72 47 37 98 25
difference, times 1.8 1.3 39

B-C 0.9 1.2 | 07 43 | 36 46 | 25
difference, times 1.6 1.2 1.8

D-F [1.1 094 | 0.66 50 | 41 60 | 20
difference, times 1.4 1.2 3.0

Average

differences 1.6 12 2.9

In both cases the efficiency was estimated by power requirement for cutting.
The feasibility was shown of breaking oil shale by direction of cutting down-up
the bedding.

Specific energy for cutting down-up is 1.4—1.8 times lower which practically

corresponds to the change of the -25 mm particle sizing output and as result
cutting tools consumption 1.8-3.9 times lower than up-down direction.
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Therefore for Estonian oil-shale deposit conditions are reasonable to choose
machines with down-up cutting method, method with precise cutting depth
control and practically proved much lower specific energy consumption than
up-down method.

5. TESTED SURFACE MINERS

The Wirtgen 2500SM surface miner was delivered to AS Eesti Energia
Kaevandused (former AS Eesti Polevkivi) at the end of 2006. The testing of SM
was beginning at “Narva” oil-shale open pit. The test place “Narva” is located
approx. 200 km north-east of Tallinn near the city of Sillamie in the north-
eastern part of Estonia (N59 15; E27 44).
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Figure 6. Wirtgen 2500 SM basic geometrical parameters (dimensions in mm)

Estonian mining industry have also tested Wirtgen surface miners 2100 SM
(Kurevere dolomite open pit), 2600 SM (Vio limestone open pit) for two years,
2200 SM and 2500 SM (Pohja-Kividli, oil-shale open cast) and Vermeer
Terrain Leveler (Vdo limestone open pit) since 1989-2007, and currently testing
Wirtgen surface miner 2500 SM for high selective mining in an open cast mine.
The result of testing machines with operating weights less than 80 tones shows
unsuitability for hard rock cutting with UCS > 80MPa.
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The main requirement for Estonian oil-shale deposit is to cut hard limestone
(UCS > 80MPa) and soft oil shale (UCS < 40MPa) with the same machine.

Imbedded between oil-shale layers there is a hard and massive two-layer
limestone layer (layer C/D).This layer is approx. 30 to 50 cm thick. The UCS is
from 60-80 at Narva Open Cast mine and up to 160 MPa at PShja-Kividli Open
Cast mine. Experience shows that this seam (UCS > 80MPa) is cuttable by
means of the 2500 SM Wirtgen Surface Miner. However, the production is low
and operating cost, especially tool wear, are high.

Figure 7. Wirtgen SM 2500 at PGhja-Kividli Open Cast mine (2006) with
hydraulic rock breaker

The cut material is small particle size material. Since this limestone layer is
waste it would not be necessary to cut it in such small particle size. Therefore it
is recommended to loosen this layer more economically than with the Wirtgen
Surface Miner, especial for rock with UCS > 80 MPa. Worldwide practice
shows that a hydraulically operated rock breaker, mounted to a hydraulic
excavator or ripper-dozers (with machine weight 100 tones), would be the most
effective method to loosen this rock layer. The so build slabs can be loaded to
trucks by means of a hydraulic excavator and transported to the dump or to
mobile crushing plant for aggregate production.
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5.1. Cutting Tools Analysis

One of the most important parameter is the cutting tool. The selection of right
cutting tool is essential for good cutting performance & high life, since, it
constitute a major portion of operation cost of the machine. The in-situ testing
of different drums for longwall mining shearers was held at “Tammiku” mine
from August 30 to September 30, 1982 [Adamson A., 1982]. One of the main
results of tests was in conclusion: the number of cutting bits increasing from 1
to 2 picks per cutting line gives decreasing of specific energy consumption by
44%.

To check on practise in 1982 received data on a case of modern surface miner
from 2007 to 2009 two milling drums were tested, with one and two cutting bits
per cutting line. During the year 2007, 4961 engine operating hours (mh) with
first drum and during year 2008 about 3442 mh with second drum has been
operated. Different types of cutting tools with cooperation with Wirtgen Eesti
AS and BETEK manufacturers were tested. On the table 2 below you can see
results of milling drums and cutting tools testing.

Table 2 . Results of milling drums and cutting tools testing

Parameter & Year (calendar) ( ﬁrsztoc(i)rlm) (secozn(zioflrum)
Engine mh, per year 4961 3442
Diesel, 1/bm3 0.70 0.67
Cutting tools, 1/1000bm3 3.1 1.3
Holders, 1/1000bm3 0.06 0.005
Cutting performance, bm3/mh 142 153

For the first milling drum equipped with WSM-19, the cutting tools average
consumption was 3.1 picks per 1000 bulk cubic metres (bm®) of rock mass. For
the second drum equipped with WSM-22 CP (Plasma coated) this number is 2.4
times lesser and equal 1.3 picks per 1000 bm’. In oil shale cost price (SM
technology without transportation cost) the cutting tools modified about 3.5 %
for first and 1.9% for the second drum. But the decreasing in energy
consumption (fuel) varies from 3% up to 45% and was not stable for both
drums.

To understand the influence of others available factors, analysis of size
distribution of oil-shale particles for different cutting layers and parameters was
held at Narva Open Cast and analysis of engine working time on cutting was
done also. Testing results described in the next parts of given thesis.
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6. SPECIFIC ENERGY CONSUMPTION VERSUS THICKNESS
TO SPEED RATIO

The fractional analysis of crushed oil shale was held from 16.04.2008 to
20.06.2008 for drum with two cutting bits per cutting line. During testing period
mined rock from different layers was analyzed (Paper I1I, table 1). On the same
time monitoring of parameters of cutting like (advance) speed per cutting (V,
m/min) and thickness of cutting (h, m) was made.

The SM testing shown that size distribution and heating value of oil shale is in
dependence on cutting thickness and cutting (advance) speed [Paper 1I]. It is
possible to achieve required average size of mined oil-shale particles with
minimal energy consumption, which was completed with the present
investigation data.

6.1. Theoretical Background

Hw, kWh/bm’

\ In 1968 E. Reinsalu had proposed an
20 (L approximate relationship between
102 energy consumption by different

methods of breaking and average size
of mined oil-shale particles, which
was completed with the present
investigation data (Figure 8).
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0.5 * \\NV From the surface miner testing results

0.2 M\ h presented on ﬁgure 8 it’s showed that

\\ 9 there are similar data for specific

0.1 } energy consumption but on same time

0.05 N an average particle sizing varies

N

greatly. The conventional method
(Specific energy consumption vs
Average particle sizing output) gives
the logical result but not correct
answer for reasons of that (see figures
9 below). Unfortunately there is
influence on particle size output of
such parameters like cutting thickness

0 25 5 10 25 50100 250 d, mm
Figure 8. Effect of method of breakage on
specific energy consumption (Hw) and the
resulting average oil shale sizing (d): / —
drilling in limestone; 2 — drilling in oil
shale; 3 — cutting machine in limestone; 4
— cutting machine in oil shale; 5 — cutting

of layer B with shearer loader UKR-1; 6 —
cutting with shearer; 7 — cutting with DKS
(a mean for measured cuttability) in
limestone; 8§ — cutting with DKS in oil
shale; 9 — breaking with ripper (surface
mining); ® — Wirtgen surface miner data
points on oil shale cutting.
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and advance per cutting (cutting
speed). The influence of physical-
mechanical properties of cutted rock
have influence also but on this stage
the study concentrated on oil shale
cutting with UCS 30-40 MPa.



According “theory of cutting”: with average particle sizing (mm) increasing
decrease required specific energy for cutting (Table 3).

Table 3. Testing results for different oil shale layers cutting

Thickness | Advance Thickness 50 mm Aver.age Specific
Layer to speed particle particle energy
to cut, speed, . L -
to cut ratio, output, sizing output, | consumption™,
h, m V,m/min| h/V,% Xsomm, % X5005,MM H,,, kWh/bm3
EF-1 0.55 8 6.9 41 62 0.21
EF-2 0.40 10 4.5 51 40 0.21
EF-3 0.40 10 4.0 59 28 0.23
CB-1 0.55 10 55 40 70 0.17
CB-2 0.45 10 4.0 51 40 0.23
AA 0.25 8 3.1 79 15 0.45

*-on cutting only

Or in our case for testing data: greater thickness to speed ratio (%) gives
greater available size of pieces (see graphs below).

A. B.
kWh/bm? 8,0 -
0,6 7,0 1 o

6,0 -

0,5

o y =1,6684x0536
R?=0,837

o
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0,4

y = 0,9014x04438
R?=0,8153
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0,3
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1,0

Thickness to speed ratio h/V, %

' 0,0
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Average particle sizing output X5, mm
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Average particle sizing output X5, mm

Figure 9. Specific energy consumption (A) and thickness to speed ratio (B) dependence
on average particle sizing

6.2. Understanding of Thickness to Speed Ratio Method

Results presented on graph “B” (Figure 9) shows that there is no contradictions
between theory of cutting and h/V ratio method. With this method it is possible
to understand the great variations of our SM tests data points presented on
Figure 8. By the way of such deviations (Figure 8; Table 3) understanding it is
possible to analyze the same dependences for the case of constant particle size,
in our case choosed class 0-50mm (Xsomm, %), for example. If we have 0-50mm
output between 40-60% from ROM. specific energy is between 0.17-0.23
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kWh/bm® that is minimal, or we can say optimal case for such particle size
(Table 3; Figure 10, B). With increasing of output up to 80% required energy
increased twice, up to 0.45 kWh/bm”. To prevent such effect we must keep the
h/V ratio inside of 4-6%.

On a graph A (Figure 10) presented dependence of specific energy consumption
on thickness to speed ratio for the three basic cases that available during the
rock cutting: oversizing and overbreaking zones that can be characterized by
greater energy consumption and optimum area which typically lying between
first two zones.
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Figure 10. Dependence of specific energy consumption on thickness to speed ratio (A)
and Specific energy consumption (right axis) and thickness to speed ratio (left axis)
dependence on 0-50mm particle output (B).

In general case (norm) the sensitivity of main parameters from advance speed
per cutting (V) and thickness of cutting (h) can be presented on table 4. Arrows
means parameter increasing or decreasing.

Table 4. Sensitivity of main technological parameters

Parameter Parameter variations Where,

h, m constant 11 h is thickness to cut; V is advance speed
V, m/min Tl constant | Per cutting; X5 is average particle
Xso, mm 11 11 sizing (50% ou.tput); H, is speciﬁc
H,,. kKWh/bm® |1 11 energy cor}sumptlol} per one bank cubic
h/\; % K 11 meter cutting; /) is thickness to speed

? ratio;
E?}gfom CB-1 & EF-1 | AA & EF-1 | Data from layers taken from table 3.

Such method of analysis can help in optimal cutting rates finding for minimal
specific energy and as a result — effective fuel consumption on cutting.
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6.2.1. Example of Oversizing Situation

The practical example of oversizing situation presented on figure 11 below.
From the right photo it is shown large particle sized rock between the crawlers
as a result of small thickness to speed ratio. On this case depth of cutting was h
= 0.55 m and advance rate V = 8 m/min. then h/V = 0.55/8*100%=6.9%.
Practically proved when h/V> 6 % effect of oversizing of cutted rock can be
achieved.

In such cases we need much more energy to crush big lumps and as a result —
non-effective fuel consumption.

To control optimum cutting regimes and parameters it is possible stabilizing
fuel consumption inside the optimum area. In-situ testing shows that energy
consumption during the rock cutting can be decreasing up to 45% not only by
the means of right cutting tools usage but by the way of thickness to speed ratio
(h/V) regulation also.

Figure 11. Effect of cutted rock oversizing. when h/V ratio > 6%

6.2.2. Definition of Optimal Cutting

During the analysis of graphs on figure 10 the optimal parameter for specific
energy was inside the numbers H,=0.17+0.23 kWh/bm®. Optimal cutting can
be characterized also by fuel or specific energy consumption, cutting
performance and cutting effectiveness. The average fuel consumption during the
testing period was about 97 litres per engine hour. In oil shale cost price (SM
technology without transportation cost) the fuel modified more than 30%. It is
significant to optimize fuel consumption to minimize SM technological oil
shale cost price.

The cutting effectiveness is percent of SM working on cutting from total number
of engine hours. To estimate cutting effectiveness influence to specific energy
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consumption (fuel consumption on cutting only) analysis of total engine hours
on cutting was done (Fig 12).
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Figure 12. Specific energy (on cutting) influence on cutting effectiveness (B) and
technical productivity for oil shale and limestone cutting (A).

To have such statistical data was elaborated special data basis which covered all
testing period. At the end of each working shift SM operator fixed all required
data (fuel consumption, cutting performance, working hours on cutting, total
number of engine hours, etc.) for the future analysis.

On the graph (Figure 12) the optimal number 0.2 kWh/bm® achieved inside of
cutting effectiveness range 60+80%. Each point is a one working shift average
data. The great deviation of points for both graphs presented above can be
explained. One reason of this is non-optimal regime of cutting, that means not
right h/V ratio and the second one is differences in rock properties: limestone
and oil shale.

If we analyzing data presented on graph A., Figure 12 there are quite a lot of
various technical productivity data points inside the optimal number 0.2
kWh/bm®. For example, we have the same specific energy consumption but
with different technical productivities. It’s mean that h/V ratio was optimal, but
percent of cutting effectiveness varies greatly.
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7. DIRECT AND INDIRECT EFFECTS INFLUENCE ON OIL
SHALE COST PRICE

As was mentioned before, most perspective advantage of SM is high-selective
mining. Surface miner can cut limestone and oil-shale seams separately and
more exactly than rippers (2-7 cm) with deviations about one centimeter (see
Fig. 13). It is estimated and proved on practical data that due to precise cutting
enables surface miner to increase the output of oil shale up to 1 tone per square
meter. Its mean, that oil-shale looses on the case of SM technology can be
decreased from conventional 12 up to 5 percent (Paper 1V).

Less mineral
loss and dilution

Figure 13. The Ripper-dozer at ripping and oil-shale losses on contact with limestone
layer (C/D).

During two technologies comparison it is very important to take into account
available direct (SM operating costs, loading method incl.) and indirect affects
(oil shale recovery) influence on rock (oil shale) cost price.
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Figure 14. The SM operating cost direct dependence on cutting performance per shift

From the graph on Figure 14 it is seen that in SM cutting performance range
1100-1200 bm’ per shift of rock mass (available if containing not more than
20% of limestone with 2.4 t/m’) the SM high-selective technology on same
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level with Ripping low-selective technology, when direct effects taken into
account.

7.1. The SM Technology Direct Effects

The analysis of loading method influence has shown that by direct truck loading
method, truck-waiting downtime decrease real cutting time by 1.0-1.5 hour per
shift and average cutting speed by 20-25%. On a Figure 15 dependence of SM
cutting performance on windrowing percentage is presented.
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Figure 15. Dependence of SM cutting performance (per shift) on windrowing
percentage

As you can see from the graph (Figure 15), there is a great SM productivity
potential when windrowing percent is growing. The additional LHD-machine
operating and SM depreciation costs greater oil-shale excavation rate is coating.
As a result the oil shale operating cost can be reduced up to 10-15%.

7.1.1. Fuel Consumption Influence

The SM average fuel total consumption (for cutting, advance, loading,
maneuvers) during the testing period was about 0.63 1/bm’ or 97 liters per
engine hour. In oil shale cost price (SM technology without transportation cost)
the fuel modified about 30%.
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Figure 16. SM Total fuel consumption influence on a percent of cutting effectiveness
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It is significant to optimize fuel consumption to minimize SM technological oil
shale cost price up to 15%. On the graph (Figure 16) the optimal number (less
than 0.45 I/bm’ line) achieved inside of cutting effectiveness range 60+80%.
The cutting effectiveness is percent of SM working on cutting from total
number of engine hours.

7.2. The SM Technology Indirect Effects

Due to the less mineral loss (effect 7%) there are indirect effects like:

a) Lesser reclamation cost per square meter

b) Lesser royalty taxes

¢) Lesser overburden operating cost per bm’ of oil shale
d) Additional income from oil shale looses decreasing

It is estimated that due to precise cutting enables surface miner to increase the
output of oil shale up to 1 tone per square meter. Then additional income can
reduce oil shale cost price up to 16-20% and effect will growing with oil shale
sale price. The lifetime of “Narva” open pit will increase up to one year.

With oil shale output increasing the overburden removing operating cost
decreasing and minimizing oil shale cost price by 25%.

From year to year the royalty taxes increase up to 4% per year in Estonia. On
such situation the effect from lesser royalty taxes per excavated oil shale can be
from 7% up to 15%. The reclamation cost effect on oil shale cost price
decreasing is about 1-2%.

So, the total indirect effect is about 50%. As a result the SM high-selective
technology on same level with ripping low-selective technology when 750 bm’
per shift is achieved (Figure 14).

8. ASPECTS OF RISK MANAGEMENT IN OIL SHALE MINING

This part of thesis deals with risk management problems in Estonian oil shale
mines. The result of investigations was supported by the Estonian Science
Foundation (Grant ETF 6558) and presented in papers: Paper V and VI. Author
of given thesis was actively participated in research of Risk Assessment
Methods elaboration and investigations. By this topic was defended one
dissertation in Tallinn University of Technology Department of Mining (ISBN
978-9985-59-794-1). “Risk Assessment Methods in Estonian Oil Shale Mining
Industry” dissertation was defended by Sergei Sabanov in Power Engineering
and Geotechnology on 21 April, 2008.
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Investigations are focused on application of the method to determination of the
quality of geological data and with risk assessment of a high-selective oil-shale
mining technology using surface miner.

In Estonia, oil shales of different quality are used in the power plants to
generate electricity and in shale oil processing; however, the different
excavation methods and accompanying development processes have various
emissions. Oil shale mining can significantly disturb the environment as a result
of water and air pollution derived from the different extraction methods.
However, waste generation as well as land-use impacts will be of greater
concern than emissions to the water and atmosphere. Life Cycle Assessment
(LCA) has proved to be one of the most attractive approaches for sustainability
of the mining industry, which has used several environmental and economic
indicators to assess its performance. The methodology comprises finding the
best available way according to environmentally friendly technology [Amman
1999; Callow 1998; DETR 2000; Durucan 2006; Jaber 1999].

The method of technological and environmental assessment of a combination of
impacts arising from different mining processes gives an opportunity to find
better ways for planning new mines in accordance with environmental
performances for oil shale deposit conditions [Sabanov, 2008].

Various factors relevant to mining technology in Estonian oil shale deposit have
been determined. For risk estimation, the empirical and judgmental approaches
and the event tree were used. They allow determining the probability of the
occurrence of geological features and its influence on the mining process.
Analysis of obtained results showed that it is necessary to elaborate special
methods for determination of the geological conditions in the mining area. The
obtained information affords specialists to improve the quality of geological
information and consequently the mine work efficiency. The analysis shows
that the used method is applicable in conditions of Estonian oil shale industry.
The results of the investigation are of particular interest for practical purposes.

8.1. Theoretical Background

In the world, risk management methods are used in different branches of
industry and for many different technical systems. In Estonia, including Eesti
Energia Mining AS, risk management methods are focused on health safety
problems. There is less information about the application of risk management
methods to geological conditions and technological processes. In spite of the
varied terminology, there is general agreement on the basic requirements [in
Paper V: 1, 3, 5, 6]. Terminology and risk management/assessment
methodology used in the frame of this project are presented below. Risk can be
defined as the likelihood or expected frequency of a specified adverse
consequences [in Paper V: 1. 4]. Risk management is the systematic application
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of management policies, procedures and practices to the task of identifying.
Analyzing, assessing, treating and monitoring risk [in Paper V: 1. 3. 4]. Having
obtained the risk information, a decision-maker must come to a decision.

8.2. Risk Estimation of Surface Miner Testing Results

Main aspects influencing the efficiency of the SM work concern the duration of
the processes and presented in Paper VI. Cutting different layers, track dumper
loading (waiting), manoeuvres and maintenance processes are the most
important factors. Investigations have shown that duration of the processes
influence on productivity. The main quantitative approach used in risk
estimation is the event tree method (Calow, P. 1998). This method was selected
as the most appropriate one for the risk estimation of the SM. In the first stage
of the project time factor was taken into consideration. For probability
determination the empirical approach was used (Williams at al. 2004). The
event tree indicating the probabilities of the SM processes and spent time. It is
possible to select different variants and to determine the probability of one. The
event tree allows determining time deviations from average value (in Paper VI:
Figure 5). Four different testing phases of the SM were observed. For
determination suitable variant greatest negative numbers were chosen in
comparison analysis with maximal possible productivity received during the
tests. Application of the fault tree is presented in Table 1, Paper VI. Selected
variant of the tests give different value of the probabilities and deviations from
the average value. For determination the higher productivity is necessary to give
attention on processes with positive value and improve it quality (in Paper VI:
Figure 5).

Event tree allow determining suitable variant of different processes for
continuous surface miner. For determination suitable variant greatest negative
numbers were chosen in comparison analysis with maximal possible
productivity received during the tests. Surface miner higher productivity in
testing phase (IV) was achieved on account of 100 % windrowing method. The
high cutting performance can be explainable absence of waiting time. This
information allows finding adequate decision to improve quality of the
processes and avoid negative influence.

9. CONCLUSION

e The requirement for using a more effective extraction method is related to
the worsening of mining conditions for oil shale and the increase in
environmental taxes. Higher quality (heating value, moisture, grain
size) and courser material is required for more effective usage of boilers
and generator units in power stations and oil plants.
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For Estonian oil-shale deposit conditions are reasonable to choose

machines with down-up cutting method, method with precise cutting
depth control and practically proved much lower specific energy
consumption than up-down method.

It is estimated and proved on practical data that due to precise cutting

enables surface miner to increase the output of oil shale up to 1 tone per
square meter. Its mean, that oil-shale looses on the case of SM
technology can be decreased from conventional 12 up to 5 percent that
decrease the environmental impact.

To control optimum cutting regimes and parameters it is possible

stabilizing fuel consumption inside the optimum area. In-situ testing
shows that energy consumption during the rock cutting can be
decreasing up to 45% not only by the means of right cutting tools usage
but by the way of thickness to speed ratio (h/V) regulation also.

Results which will be obtained by presented thesis can result in

applications in different industrial sectors. The main applications will of
course be found in the surface high-selective mining and road
construction sectors. New applications could be seen in zones where
rock soils could be transformed into zones with agricultural capacities.
To avoid a potential problem of non-utilizable waste in stockpiles of
mine areas, selective mining leaves the low-grade ore in mined-out
surface areas.

e BAT analyses showed that one of the solutions for increasing oil shale

quality (heating value as well as grain distribution) is selective mining.
Tests have shown that mechanical cutting is possible, and the size
distribution and increasing oil shale quality are possible. In addition to
better quality of the product that is related to the higher yield and less
dilution, the opposition of society to the mining industry decreases due
to its lower impact on the surroundings. The results of the test can be
used for redistricting of mining regions and for creating criteria for
resource usage and mining impact evaluation.

e For selective mining of commercial oil shale the method of risk analysis

was elaborated. Elaborated modified methods using fault tree gives
information about the deviation of the processes and possibility
determination of suitable variant. Basing on the excellent results of this
investigation, it is recommended to use the applied methods for the
whole network of transportation from mines and open casts to
consumers and in selective mining processes.
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KOKKUVOTE

Eesti polevkivi tootmise tulevik on tihedalt seotud olemasolevate varudega ning
ka rahvusvahelise nafta hinnaga. Pdlevkivi tootmise, selle iimbertdotlemise ning
kasutamise tehnoloogiad arenevad pidevalt. Et jargida kaasaja keskkonna ja
majanduslike nduete tiitmist on vajalik arendada erinevaid BAT tehnoloogilisi
lahendusi.

Uha raskemaks muutuvad pdlevkivi tootmise tingimused ja karmimaks
muutuvad keskkonna noduded sunnivad tootmisettevotteid {iha rohkem
juurutama uusi tootmisalaseid lahendusi. Fookuses on uute kaevise viljamise
meetodite viljaarendamine, tdnu millele saavutatakse viikseim keskkonna mdju
ning saavutatakse toote kdrge kvaliteet. Uheks lahenduseks on kdrgselektiivne
véljamine Wirtgen 2500 SM tiiiipi freeskombainiga. Freesimine avatud
kaevanduse ehk karjidrikombainiga (edaspidi Surface Miner voi selle lilhend
SM) vdimaldab viljata pdlevkivi ratsionaalsemalt — keskkonnahoiu seisukohalt
viahenevad pdlevkivi kaod, selektiivne freesimine vdimaldab tOsta kaevise
kiittevéddrtust ning see omakorda aitab elektrijaamades tootmisega eralduvate
heitmete (SO,, NOy, tuhk ja CO,) mahu viimist vajalike keskkonna normideni.
Uha karmistuvad keskkonnanduded on ka iiheks pdohjuseks uutele uuringutele,
mis  keskenduvad erineva  kiittevdirtusega  pdlevkivi  pdletamisele
elektrijaamades.

SM kéige olulisemaks eeliseks on kaevise korgselektiivse viljamise vOoimalus.
Korgselektiivne kaevandamine voimaldab viljata paekivi ja podlevkivi kihindeid
eraldi ja tdpsemalt. Kui buldooser-kobestiga kaevandamisel ldheb lubjakivi-
polevkivi kontaktide ndol kadudesse 2...7 cm paksune polevkivi kiht, siis
freesimise korral ligikaudu 1 cm paksune kiht. Praktikas on tdestatud, et tipsem
kihindi 16ikamine vdimaldab tdsta polevkivi kihindi tootlikkust kuni {ihe(1)
tonnini ruutmeetrilt. See aga tihendab, et tehnoloogilised kaod v&ivad vdheneda
12-st protsendilt 5 protsendini. Kdrgema kvaliteediga lahtematerjali kasutades,
vOib saavutada kaevise iimbertdotlemisel polevkividli saagise suurenemist kuni
30% ehk genereeritakse pdlevkividli kuni tihe(1) barrelini iihest(1)pdlevkivi
tonnist. Tanu tédpsemale kihtide 16ikamisele on saavutatav nii majanduslik kui
keskkonnahoiualane efekt ka elektrijaamades, sest polevkivikateldes saab
poletada véaiksema paekivi sisaldusega polevkivi. See tostab omakorda katelde
kasutustegurit, kuna hoitakse kokku kuni 30% paekivi lagundamisele kuluvat
soojusenergiast. Korgselektiivne viljamine vdimaldab pdletada elektrijaamade
uut tiitipi keevkihtkateldes (CFB) rikastamata pdlevkivi. Kaasnev positiivne
efekt on siisihappegaasi ja tuha koguste vihenemises. Kusjuures dhkupaisatav
CO, kogus viheneb 20% vorra ja nii ladustatav kui Shkupaisatav tuha kogus
kuni 15%.

Kédesolevas t00s esitas autor avakaevandamiseks sobiva tehnoloogia

optimeerimise praktilise versiooni. Majanduslikult kasulik ja keskkonda sédstev
kaevandamisviis, mis pdhineb kdrgselektiivsel viljamisel Wirtgen 2500 SM
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tillipi freeskombainiga. Freesimine avatud kaevanduse tingimustes vdimaldab
véljata polevkivi ratsionaalsemalt. Autori poolt vilja pakutud pdlevkivi
kaevandamise BAT(parimad vdimalikud tehnoloogiad) on praktikas tdestatud
karjadris korgselektiivse viljamise tehnoloogia néitel. Dissertatsioonis leiab
kajastust riskide juhtimine olemasolevate geoloogiliste andmete kvaliteedi
hindamiseks.

Dissertatsiooni peamisteks eesmérkideks on:
e Ulevaade pdlevkivi kasutamise valdkondadest Eestis

Riskide juhtimise probleemide analiiiis

Pdlevkivi kvaliteedi analiiiis, freesimise tehnoloogia moju keskkonnale,
CO, piitidmise ja selle talletamise tehnoloogiate {ilevaade

Voimalike freeskombaini tehnoloogiliste vdljamise parameetrite analiiiis
lahtudes kvaliteedist, vdljamise faktoritest ja tootlikkusest

Loikamise reziimide optimeerimise meetodite véljatdotamine ja nende
praktilise kasutamise hindamine faktiliste statistiliste andmete alusel

Pakkuda tehnoloogilisi ja tehnilisi BAT-teid enam séddstva keskkonna
kasutusele, millised aitaks teostada méaadratud eesmarkide saavutamist.

JARELDUSED

1. Mitmeaastane nn mehhaniseeritud viljamise kasutamise kogemus niitas
buldooser-kobestite kasutamise otstarbekust, kuid korgselektiivseks
viljamiseks on vajalik suurem I1dikamise tapsus.

2. Selektiivse viljamise, kaasaarvatud kdrgselektiivse, 1dikesuuna valimine alt-
iiles voimaldab véljata maavarasid (meie juhul pdlevkivi) wvajaliku
kvaliteedi tagamisega.

3. Pakutud korgselektiivne 16ikamise protsess voimaldab efektiivsemalt viljata
maardlaid, vihendades sellega mojus keskkonnale.

4. Freeskombaini kdrgselektiivne tehnoloogia pakub suurepéraseid perspektiive
seoses miira taseme vihenemisega, vibratsiooni puudumisega ning tolmu
heitmete vahenemisega vorreldes traditsiooniliste 10hketdodega.

5. Kontrollides optimaalse l6ikamise reziime, vOib stabiliseerida kiituse kulu
optimaalse tsooni piirides. Katsetused tdestasid ldoikamisel kulutatava
energia vihenemise voimalust kuni 45 % vorra. Seda saavutatakse mitte
ainult dige loikeinstrumendi kasutamisega, vaid ka kasutades oiget suhet
viljatava paksuse ja etteande kiiruse vahel (h/V).

6. BAT-analiiiis néitas vodimalikke lahendeid kaubapdlevkivi kvaliteedi
tdstmise suunas (kiittevddrtus ja véljatavate tlikisuuruste klassid),
peamiseks millistest on korgselektiivne véljamine. Lisaks korgemale
kauba kvaliteedile suureneb 0li viljatulek ja vdheneb aherdumine, mis
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soodustab iihiskonna opositsiooni vihenemist méetodstuse suunas, tinu
negatiivse moju vihenemisele iimbritsevale keskkonnale.

Ldbivaadatud meetodid  kdsitlevad endas praktilisi soovitusi kaasaegse
tootmistehnoloogia paindlikumale juhtimissiisteemile, erinevate 1dikamise
skeemide ja parameetrite analiilisi ja vOrdlust, praktiliste katsetamiste andmete
kogumist ja analiiiisii, nn BAT optimiseerimisandmete loomist ja
arvutusmetoodikat, peamiste tehnoloogiliste parameetrite monitooringut ja
arvutust.

Pakutud meetodite adekvaatsus on tdestatud praktiliste katsetustega ja
laboratoorsete uurimustega. Analiiiis niitas, et pakutud meetoditega saadud
andmed on ligildhedased praktikast tulenevatega. Riski hindamiseks kasutati
empiirilisi ja subjektiivseid ldhenemisi, ning nn siindmuste puud. Niisugune
lahenemine vdimaldab méérata eriliste geoloogiliste tingimuste ilmnemise
toendosust ja nende mdju méetddde teostamisele.

Uurimuse unikaalsus seisneb selle laiendatud kasutuse alas, mis annab
voimaluse kasutada véljatootatud tootmise meetodeid ja skeeme erinevate
tootmistingimuste jaoks, eriti kihtmaardlate tingimustes. T60s saadud tulemused
voivad huvitada erinevaid toostusharusid. Peamised kasutusalad oleks
korgselektiivne tootmine ja tee-chitus. Uut kasutusala voib leida piirkondades,
kus viljatodtatud alasid saaks kujundada timber pdlumajandusaladeks. Et
viltida korgselektiivse viljamise tehnoloogiliste jddtmete ladustamist, on
pakutud madalakvaliteediliste jadtmete ladustamise variandid véljatdotatud
alasse. Analiilis niitas, et pakutud riskide juhtimise meetodid on kasutatavad
kaasaegses mietdostuses ja pakuvad ettevotetele praktilist huvi.
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3AK/IIOYEHHUE

Bynymiee DcToHCKOM ClaaHIeI00BIBAIOIICH MPOMBIIUICHHOCTH TECHO CBSI3aHO C
MIPOLJION M HBIHEIIHEN cUTyalueH 1o 3amacaM, a TakXke ¢ MEXAYHapOAHBIMU
neHamMu  Ha HedTh. TexHomormn noObIYM ¥ TepepabOTKH HEMPEPHIBHO
pa3BHUBaOTCA, HO HeoOXoAUMO aanbHeimee pa3BuTne BAT TexHOIOrHUecKnx
pelmeHnid st COOMIOACHUSI COBPEMEHHBIX IKOJIOTUYECKUX M IKOHOMHUECKUX
TpeOOBaHMIA.

Bce wame u gamie ycinoBusi JOOBIYM MEHSIOTCS K XyALIeMy W Ooyiee CTporue
9KOJIOTUYECKUE TpPeOOBaHUS TOPOKAAT CHUTyallMd, KOTJa J00BIBAIOIIUC
KOMIIAaHUH JIOJDKHBI TIPUMEHSATh HOBbIE MeTonbl no0bru. Heobxommmo
pa3paboTaTh METOABI OTPA0OTKH, B PE3YJIBTAThI KOTOPBIX OKpY’KAIOIICH cpele
HAaHOCHUTCS HAMMEHBIINA YPOH M JIOCTUIAeTCsS BBICOKOE KayeCTBO HCXOJHOTO
mpoaykra. OMHUM W3 TaKHUX METOJOB SBIISETCS BBICOKOCENIEKTHBHAS J00bIYa
cmanma (QpesepHbIM KombOaiHOM THHa Wirtgen 2500 SM. Surface Miner
MO3BOJIIET JOOBIBATH CIIAHIA PAIMOHATIBHEE C HKOJIOTMYCCKOW TOYKU 3PEHUS
IyTeM yMEHBIICHWs] IOTepbh, YIYYIIEHWs KadecTBa IO  TEIJIOTBOPHOM
CocoOHOCTH, a TakXKe TIOMOTaeT »JJEKTPOCTAHIHSAM  CHU3HTH OOBEMBI
BEIOpOCOB U 0TX070B B BuAe SO, NOy, 30161 1 CO, 10 HEOOXOIUMBIX
AKOJIOTUYECKUX HOpM. CTpOTHE 3KOJOTHYECKHUE CTAHAAPTHI Jalld TONYOK IS
HCCIIEJIOBAHUM MO MCIOJIB30BaHUIO CJIaHIIA C PA3JIMYHON TEIUIOTON CropaHus
Ha 3JICKTPOCTAHIIHSX.

Haubonee nepcnexmueHuIM npeuMyujecmeom SM SIBIISIETCS
BBICOKOCENIEKTHBHAs  A00kga. Surface Miner MoxkeT  oTpabaThIBaTh
M3BECTHSAKOBBIC M CJIAHICBBIC CJIOM OTICIIBHO U 00Jiee TOUHO, YeM PHIXJIUTEIH
(2 ... 7 cm), ¢ oTkIIOHEHHAMH OKOJIO 1 caHTUMeTpa. [IpakTHUeckn g0Ka3aHo, 4TO
Oorxiee TOYHAs TOCIOIHAs pe3Ka TMO3BOJSIET YBEIUYHUTH IMPOU3BOIUTENHHOCTD
miacrta ciaHia a0 | TOHHBI Ha KBaJApaTHBIH MeETp. ODTO O3HA4aeT, 4To
TEXHOJIOTUYCCKUE TOTEPU MOTYT OBITh YMEHBIICHBI C OOBIYHBIX 12 10 5
MIPOLIEHTOB. Y BEJMYEeHHE BBIXOJa cilaHneBoro macia Ha 30%, no 1 Gappens 3a
TOHHY B MPOILIECCE IMEPErOHKH, MOXXET OBITh JOCTUTHYTO 3a CueT OoJjee
BBICOKOTO KauecTBa MCXOJIHOTO TPOayKTa. TOT e MPUHIMI ACHCTBYET IMpH
CKWTaHWM CIIaHI[Aa Ha JJIEKTPOCTAHIMAX W3-32 MEHBIIEr0 COICpKAHUS
M3BECTHSAKA. JTO MPHUBOIUT K Ooree BricokoMy KIIJ[ koTioB, Tak kak mo 30%
TEIUIOBOM SHEPrUM SKOHOMHUTCS Ha Pa3JOXKCHHE H3BECTHSAKA B IPOIECCEe
ropenus. [lonoxurenbHblil 3G eKT, JOCTUraeTCs 32 CUET CHUKCHHS BHIOPOCOB
YTIIEKHCIIOTO Ta3a W OTXOAOB 30Jbl. BBICOKOCENEeKTHBHAS AOOBIYa TO3BOJSET
HCIIONIb30BaTh CJIaHell 0e3 JIOMOJHUTEIBLHOTO O0OTAlIeHUs IS TONyYCHHUS
AJICKTPOIHEPTUU HA 3JEKTpocTaHIMsIXx B komiax HoBoro tuma (CFB), roe
C)KWTaHWE MPOUCXOAHWT B KumsimeMm cioe. B cBs3u ¢ stum BeiOpockl CO,
cHmkarorcs Ha 20% 1 cyMMapHBIi BBIXOJ 307161 COKparmaercst 110 15%.
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B nmanHO#i pabore mpencraBieHa MpakTHYeCKas BepcUsl ONTHMHU3AIMHU, KaK
ocHoBa Ui moucka BAT, mpuMeHeHHe KOTOpOW MpPaKTHYECKH J0Ka3aHO Ha
IpUMepe BBICOKOCENCKTHBHON TEXHOJIOTHH JIOOBIYM CIIaHIEB KapbepHBIM
¢dpezepHbiM  KOMOaliHOM. Jluccepramusl TakKe TIOCBsIIEHa IpodiieMam
yOpaBlieHHS PUCKAaMH M B YCJIOBHSAX MOI3eMHOM n00bmuu. McciaemoBaHus
HalleJIeHbl HA TIPUMEHEHWE MeTOAa MUl ONEHKH KadecTBa HMeEIoIeHcs
re0JIOTHIECKOW HHPOPMAIIHH.

OCHOBHEIMH LIESIMH TUCCEPTAINHU SBISIOTCS:

e O030p o0JsacTel NCIoIB30BaHMS CIIaHIA B DCTOHUU.

o AHanmu3 mpo0IieM yIpaBlIeHUs] pUCKAMHU.

e AHaM3 KadecTBa CllaHIa, BJWSHAE TEXHOJOTHH (hpe3epoBaHus Ha
OKPY’KaIOIIyI0 cpemy, 0030p TexHojorui ynasaumBanus CO, wu ero
XpaHEeHHUSI.

e AHamnu3 BO3MOXHBIX TEXHOJIOTHYECKHX T1apaMeTpOB pa3pabOTKU C
(hpe3epHBIM KOMOAHOM 10  KadecTBy, (hakTopaM WH3BJICUCHUS U
MIPOU3BOAUTEIHHOCTH.

e PazpaboTka METONOB ONTHMH3AIMH PEKAMOB pe3aHMsl W OLEHKa HX
MPAKTUYECKOTO TPHUMEHEHHs Ha OCHOBE aHamm3a (PaKTHYECKHX
CTaTHCTUYECKUX JaHHBIX.

e [Ipeanoxurs BAT- nyTu ynydmieHUs:: TEXHOJIOTMYECKUM, TEXHUYECKUH U
HalpaBJIeHHBII Ha Oojee OepekHOE MPHPOONOIB30BaHNE, KOTOPHIE
TIOMOTJIM OBl CTIPABHUTHLCS C BHITOJHEHUEM MTOCTABIICHHBIX TIETICH.

BbIBO/JbI

1. OmbIT MHOTOJICTHETO MCIOJb30BAaHHUS TaK HA3bIBAEMON MEXaHU3UPOBAHHOM
BBICMKH, TIOKa3al I[el1eco00pa3HOCTh MPHUMEHEHUS  OyJbI03epOB-
pBIXJIPITeJIeﬁ, OOHAKO AJIsd BBICOKOCEJIEKTHBHON BBIEMKH Tpe6yeTc;1
BBICOKAsi TOYHOCTh PE3aHUS.

2. CeJekTMBHas BbIEMKa, B YAaCTHOCTH, BBICOKOCEIICKTHBHAS BBIEMKa IIpU
BbIOOpE HampaBIeHHUsS pe3aHUsl CHHU3Y-BBEpPX MO3BOJSET OTPabdaTHIBATh
TMOJIC3HBIC UCKOMAaeMble (B HAIIIEM CITydae CIIaHell), JOCTUTas TpeOyeMoro
KavecTBa.

3. [pemnoxeHHBII BBICOKOCEICKTHBHBIN MPOLIECC pe3aHusi, MO3BOJIIET Ooee
3 PexkTHBHO OTpabaThIBaTh MECTOPOXICHHS, yMCHBIIAs TEM CaMbBIM
BJIMSIHUE HA OKPY KAIOUIYIO Cpey.

4. BBICOKOCENEKTUBHASI TEXHOJNOTUS C (pe3epHBIM KOMOAWHOM Mpeiaract
OTJIMYHBIC TIEPCIIEKTUBBI B CBA3M C COKpAICHUEM YPOBHS IIyMa,
OTCYTCTBHE BHOpallMd H CHIDKEHHS YPOBHS BBIOPOCOB TBLIM 1O
CPABHEHUIO C MPAOUYUOHHBIMU 83DBIBHBIMU PAOOMAMU.

5. Kontponmupyss BBIOOp ONTHUMAIBHBIX PEXKUMOB pPE3aHUS, BO3MOXKHO
CTaOMIM3UPOBATh PACXOj] TOIUIMBA B TpeAeiiaX ONTHUMAJIbHOW 30HBIL
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UcnpiTanust Aokazand BO3MOXHOCTb  YMEHBIIUTh HOTPEOIsieMYyIo
SHEPTHIO IIPH pe3aHuu 10 45 MPOIEHTOB. DTO JOCTHraeTCs HE TOJIBKO 3a
CYeT TPUMEHEHHA NPABUIBHOTO pEXYIIero MWHCTPYMEHTa, HO U
IIPUMEHAS METOJ] COOTHOIIEHHS BBIHMMAE€MOM MOIIHOCTH K CKOpPOCTH
MOJIa4H IIPH PE3aHUH.

6. BAT- ananu3 nmokasan BO3MOKHBIE pEIICHHUs Ha ITyTH YBEJIHMUEHHs KadecTBa
TOBApPHOTO CJIaHIA (KaJTOPUHHOCTh M BBIXOJA KJIACCOB KYCKOBaTOCTH),
TJIaBHBIM M3 KOTOPBIX SBISETCS BBICOKOCENEKTHBHAs BbleMKa. B
JOTIOJIHEHUE K OoJiee BBICOKOMY KauyecTBY TOBapa IMOBBIIACTCS BBIXOJ
Macia ¥ yMEHbIIAaeTcsl pa3yOoXHBaHUE, YTO OJaroTBOPHO CKAa3bIBAETCS
Ha YMEHBIIEHUH ONMO3MIMU OOIIeCTBA K TOPHOM MPOMBIIUIEHHOCTH
Onaronapsi MEHBIIEMY BIMSHUIO Ha OKPYIKAIOIIYIO CPEmdy.

Paccmompennvie memoowl  exmouarom TPAKTHUYECKHE PEKOMEHIAIUH K
COBPEMEHHOHN TEXHOJOTHH JOOBIYH C THOKOW CHCTEMOW yTpaBJICHUs, aHAIH3 U
CpPaBHEHWE pa3IMYHBIX CXeM U T[apaMeTpoB pe3aHusd, cOoOp W aHalu3
MPaKTHYECKUX JaHHBIX WCIBITAHUH, co3/laHue 0a3bl JaHHBIX U pa3paboTka
MeToAa pacuera T.H. BAT ontuMwuzanuy, MOHUTOPUHT M pPacdeT OCHOBHBIX
TEXHOJIOTUYECKUX NapaMeTPOB.

Adexgamnocms  npeonazaemvix  Memooo8  JI0Ka3aHa — NPaKTHUYECKUMH
WCTBITAHUSAMH ¥ JIA0OPaTOPHBIMH HCCICMOBAaHHUSIMH. AHANW3 TI0Ka3all, 4YTO
[OJTy9eHHBIE METOABl ONM3KH K JaHHBIM, MOJyYeHHBIM Ha TpakTuke. s
OIICHKH PUCKa OBLIM MCIIOIh30BaHBI IMITUPUICCKUC U CYOBEKTUBHBIC MTOAXOIBI,
a TaKke T.H. JApeBO coObITHwiA. Takue MOAXOABI TO3BOJSAIOT OIPENEITUTh
BEPOATHOCTh BO3HMKHOBEHHS OCOOEHHOCTEH TeOJIOTHYECKHX YCIOBHUH M WX
BIIUSIHUE Ha BEJCHUE TOPHBIX padoT.

Yuuxanenocms uccnedosauus COCTOUT B OONACTH TPUMEHEHHS, YTO JaeT
BO3MOKHOCTh HCIIOJIB30BaTh Pa3paOOTaHHBIE METOIBI U CXEMBI JOOBIYH IS
Pa3IMYHBIX  yCIOBHWM  JNOOBIYM, OCOOCHHO B  YCIOBHSIX  CIOUCTBIX
MECTOPOXACHNUH. Pe3ynmbTaThl, KOTOpBIE TONYYEeHB B AWCCEPTAIMA MOTYT
MIPENICTABIATh HHTEPEC B Pa3UYHBIX OTPACIAX MPOMBINUIEHHOCTH. OCHOBHEIE
O6J'IaCTI/I NPpUMCHCHHA, OTHOCATCA K BBICOKOCEJIEKTUBHOM )Z[OGBI‘IG u
CTPOUTENLCTBY Jopor. HoBoe mpuMeHeHHe MOXXHO BHUAETh B paiioHax, TJe
0oTpabOTaHHEIE IO MOTYT OBITH peoOpa3oBaHbI B
CENTbCKOXO3AHCTBCHHBIC 30HBI. AHAIIM3 MOKa3ajl, YTO MPEAJIOKECHHBIE METOJbI
YOpaBICHUS pPUCKAMU TPHUMEHUMBI K COBPEMEHHOH TOPHOAO0OBIBAIOIICH
MPOMBINIUICHHOCTA, W TPEACTABISIOT  NPAaKTHYECKUH  MHTEpec IS
NpEANPUATHN.
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USAGE OF ESTONIAN OIL SHALE
E. VALL I. VALGMA, E. REINSALU"

Department of Mining, Tallinn University of Technology
5 Ehitajate Rd., 19086 Tallinn, Estonia

Estonian oil shale has been used for 90 years mainly for electricity and oil
generation with the ash being used for cement and light brick production.
The oil shale usage has always been related to available mining and pro-
cessing technology, and vice versa, with external influences of worldwide
petroleum prices. The same situation is true today, when new technology is
being applied in power generation units, in oil generators and in oil shale
extracting processes.

Introduction

There are two oil shale types in Estonia — Dictyonema argillite (claystone)
and kukersite. The organic content of Dictyonema argillite is low, varying
from 10 to 20%, and it contains up to 9% pyrite.

The argillite in north-eastern Estonia contains heavy metals on a small
scale: uranium up to 300 g/t, molybdenum up to 600 g/t and vanadium up to
1200 g/t. From 1949 to 1952, 60 tonnes of uranium were produced in Silla-
miée [1, 2]. However, metal content of ore is an order of magnitude less than
the content of corresponding ores.

The argillite of north-western Estonia contains less metals and up to 17%
organic matter. Attempts to put this kind of Dictyonema argillite to use
ended with no success because of its low organic matter and high sulphur
content.

The main Estonian oil shale type is kukersite, which is the sedimentary
rock of Kukruse stage. It belongs to the lowest Upper Ordovician formation.
Kukersite deposits form the Baltic basin of Estonia where Estonian deposits
and Tapa occurrences belong (Fig. 1). In Russia there are Leningrad deposits
as well as Veimarn and Chudovo-Babino occurrences [3].

The useful component of oil shale is kerogen, the main harmful
admixture is pyrite and the useless, or noncombustible, matter (i.e. ballast)
consists of lime and clay minerals. There are a total of fifty oil shale layers

" Corresponding author: e-mail ere@cc.ttu.ce
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in northern Estonia. The lowest layers of Kukruse stage are the most interest-
ing from the mining standpoint. The complex of layers A-F, the thickest in
north-eastern Estonia, is called the mineable bed. The mineable bed forms
the primary part of the Estonia oil shale deposit. The northern part of the
deposit was broken and swept off in ice ages. That is why the layers are
thickest on the outcrop. The thickness of the mineable bed in the deposit
ranges from 2.5 to 3 m. Run-of-mine (ROM) general production varies from
42 to 5.5t/m’. At the present moment the cut-off grade is energy pro-
ductivity, which should be not less than 35 GJ/m’ [4].

The lowest layers of Kukruse stage are the most interesting from a min-
ing perspective. They are designated with capital letters A-H in Estonia (see
Fig. 2). Layers A-F are situated in proximity to each other, being separated
by thin limestone interlayers (the latter ones are marked E/F-A/B or have
names: D/E —“Roosa paas” (Pink flagstone), C/D — “Valge paas” (White
flagstone), A/B — “Sinine paas” (Blue limestone). Some oil shale layers are
divided into sublayers (Fig. 2). The lower part of layer F is indicated as F,
while the upper one is marked F,. The upper part of layer A in the central
and western part of the Estonia deposit is differentiated by A/A’.

0sa paas

3

'§Ve paé‘s

<

Fig. 2. Upper part of mineable bed and overlying rock
in Pohja-Kividli opencast.
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The upper bed, which is about half a meter thick and consists of two oil
shale layers G and H and a limestone interlayer G/H, rests on the mineable
bed. General production from the upper bed is approximately 1 t/m” and its
energy content is 6.5 GJ/m”. According to present economic considerations,
the upper bed is not mineable, because of an intercomplex layer that is about
1 meter thick and which is between the upper bed and the mineable bed.
Extraction of the intercomplex would lower ROM calorific value. That is
why the upper bed is not extracted in underground mining [4, 5]. It would be
possible in surface mining, when using high-selection extraction. Since
layers G and H are not considered mineable, they have not been investigated
much geologically. These layers contain little concretions, that is why their
calorific value in the deposit is homogeneous, and the mineability of the
upper bed depends on the thickness of oil shale layers H and G [6-9]. The
mineable and upper beds are the thickest in the central part of the Estonia
deposit, to the south of the towns of Johvi and Kohtla-Jarve. The greater part
of this reserve is already extracted.

The higher oil shale layers (marked I — P) are thin, with low (less than
20%) or sometimes average (20-30%) organic matter content. These oil
shale layers are separated from each other with thick limestone layers. The
upper layers are thickest in the western part of the Estonia deposit, to the
south of the town of Rakvere (Fig. 1). The layers situated even higher than
layer P are marked with Roman numerals [-VII. Layer III, with average
organic matter content, is rich in concretions and has a thickness of 1.6 m. It
forms the Tapa oil shale occurrence. This oil shale bedding is at a depth of
60 to 170 m under Pandivere uplands. Pursuant to mining conditions existing
in the former Soviet Union, the oil shale was mineable in this area, but now
it is not.

Layers A, B and E of the mineable bed are the richest in organic matter,
while A’ and F are the poorest. As for organic matter content, layer H in the
upper bed can be compared to layer B, and layer G —to layer D. Limestone
interlayers B/C and C/D are kerogenic limestone, while A/B and D/E are
clay-like limestone. Kerogen content of oil shale can be up to 60%. Such oil
shale can be found as pure seams in the best oil shale layers A, B and E
(Table 1).

Oil shale reserve calculations are done according to layers, though only
layers A, D and evidently H consist of pure oil shale. Other layers contain,
on a bigger or smaller scale, limestone concretions with kerogen content
averaging 8%. The quality of oil shale layers varies indirectly depending on
the abundance of concretions — the more concretions, the lower is the energy
content of the layer.

The quality of oil shale is evaluated according to several characteristics.
The main index in Estonia and Russia is calorific value (Q, MJ/kg) which
shows the thermal energy obtained from burning a mass unit. This correlates
with kerogen content. However, oil (tar) yield (7, %) is more widely known
in the world. It is defined in a lab using a Fischer retort, and the oil amount
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obtained from a mass unit in the process of low temperature carbonization of
oil shale is correlated to it. All quality characteristics are defined for dry oil
shale — that is why moisture content is another important index for the
quality of the product. The moisture content of commercial oil shale can
vary from 8 to 14%. Working calorific value is used for calculations in sales
deals, which unites the calorific value of dry oil shale and the moisture
content of commercial oil shale into one parameter. The third quality index
is grain size, which classifies oil shale in millimeters.

Table 1. Main parameters of oil shale mineable bed
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keal’kg| GIt | t/t | % | tm® | kg/keal | ¢/GI | ¢/1 |tm’

F, 1600 6.7 10.19| 19 2.55 0.000304 | 0.07262 | 2.56 [ 1.72

F, | 2750 | 11,5033 | 33 | 243 | 0.0002 | 0.0533 | 1.88]1.51

E | 4200 | 175[050| 50 | 241 | 0.0002 | 0.0499 | 1.76 |1.28

Qil shale,

. D 2264 94 1027 | 27 2.16 0.0002 | 0.0389 | 1.37 | 1.59
pure, without
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A' 1792 7.5 1021 | 21 1.70 0.0001 | 0.0251 | 0.88 | 1.42
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C,B
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Composition of oil shale

Oil shale consists of three components:
e  Organic matter or kerogen
e (Calcareous material (lime minerals) manifested as calcite and, on a
lesser scale, dolomite
e Terragenous matter, or clay minerals, which consists of quartz,
hydromica, feldspars et al.

The higher is the content of kerogen, the lower is the content of carbon
dioxide and ash (Fig. 3) [10]. The calorific value and oil yield of oil shale are
proportional to kerogen content. As kerogen’s calorific value is 35+3 MJ/kg,
so oil shale calorific value formula is

0=35K, MJ/kg
where K is kerogen fraction (100% = 1), and its oil yield formula is
T=655K=1.86 Q %.

When doing energy productivity calculations, one has to be aware that
the calcareous components of fuel and oil raw material absorb heat in the
process of decomposition, thus the actual calorific value of oil shale as ROM
is lower than calculated. Dry volume weight of oil shale depends on the ratio
of kerogen, lime and clay minerals and can be calculated as follows [10]:

d=d,/(cO0+1)t/m’

where Q — calorific value of oil shale with concretions or ROM, d,, — volume
weight of noncombustible part, i.e. clay and lime minerals in oil shale.

1.0 50
Carbon dioxide | (CO,)=1-K-A

o]
K—\-O-
0.8 o K2+08 40

5

E /k KA N g
< =
8 0.6 30 g
o Ash (A) g
S 04 20 ©
NS Calorific value -g
< ’ = o
< 02 Q=35K 10 8

Kerogen (K)
0.0 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Kerogen (K) content

Fig. 3. Dependence between oil shale components and organic matter (kerogen)
content.
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The density of oil shale varies from 1.22 to 1.72 t/m’, and interlayer
densities, accompanying oil shale, vary from 2.1 to 2.45 t/m’. Moisture adds
weight to commercial oil shale because it fills the pores both in the rock and
in the dust on the rock surface and even between them. That is why the
density of natural oil shale increases with the occurrence of moisture.

Calculations of reserves for the Ojamaa mining field blocks are presented
in Table 2, based on these rules and quality data of all layers and interlayers.

Oil shale mining

Industrial use of Estonian oil shale began after World War I. Two mining
areas — Kohtla-Jarve and Ubja-Vanamdisa — were developed in three years in
Virumaa County. The oil shale in Kohtla area was better and a bigger oil
shale industry center formed there. There are over twenty mining areas in
Estonia, including opencasts and underground mines, where oil shale was, or
has been, extracted. Currently six mines and opencasts are in operation
(Table 3).

Mining technology

Surface mining technology used in the Aidu and Narva opencast mines,
operated by AS Eesti Polevkivi, developed after World War II when stripping
with relatively big bucket (10-35 m®) excavators, mainly draglines, started to
be used. Both the overburden and the bed are at first broken up by blasting.
Stripping is done with smaller excavators in opencasts with thin overburden
using front end loaders and hydraulic excavators. The overburden is
transported with front end loaders and trucks.

Bulk extraction of all beds (layers A-F) is performed only in the Aidu
opencast where a separation plant is in operation. The Narva opencast uses
selective extraction in three layers of seams. The upper (layers E-F) and the
lower (layers B-C) seams are extracted as ROM, the middle seam (interlayers
C/D-E/F) is shoved or dozed into the mined-out area. If the bed is broken
mechanically, with ripper dozers, the oil shale can be extracted selectively and
more completely taking layers A and D into ROM, which were lost in partial
selective extraction. Highly selective extraction was started in 2006 in Pdhja-
Kividli opencast of Kividli keemiatddstus, using milling cutter surface miner
from the German Company Wirtgen. And in 2007, the Narva opencast mine of
Eesti Polevkivi started highly selective extraction as well [9].

ROM was loaded into vehicles with front shovel excavators till the end of
the 90s. In the 90s front end loaders were put into use. ROM is transported
with trucks of up to 40 tonne payload capacity. It is delivered to consumers
by railway, highway trucks and dump trucks. The surface mining is finished
by reclamation of the mined out area.
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Table 3. Oil shale mines in Estonia in year 2007

Enterprise, Mine Apprgz:;?ﬁfe]\;?nual Started
AS Eesti Polevkivi (state owned mining company):
Viru mine with separating plant 2 1964
Narva opencast 5 1970
Estonia mine with separating plant 5 1972
Aidu opencast with separating plant 2 1974
OU VKG Aidu Oil Ojamaa mine Preparation phase 2006
AS Kivioli Keemiatoostus Pohja-Kividli open cast 1 2003
AS Kunda Nordic Tsement Ubja open cast 0.3 2005
Total 15-16

Underground mining technology evolved in the 60’s when room and
pillar mining was put to use. The main characteristics are as follows:

e Blocks of rooms, formed by a number of small (up to 10 m long) work-
ing faces

e The roof and the mined out land are supported with pillars of un-
extracted oil shale (averaging 25% of the reserve)

e The ground does not subside

e The direct immediate roof of the rooms is anchored to the upper rock
layers.

Longwall mining has also been used, where the bed was mined with a coal
cutting shearer-loader [11]. The roof was temporarily supported by hydraulic
support. When mining with the shearer, layers A-C were extracted, so in
reality it was selective extraction. This mining method was more productive
but much more capital-intensive and the changes in land surface were notice-
able. These were the reasons for abandoning longwall mining in the 90’s.

Separating oil shale

Oil shale ROM dressing was put into use and it has been used up to now
mainly for the benefit of the shale oil processing industry. The present day
technology of oil processing (vertical retort) can use only oil shale lumps of
size 25-125 mm, because the processed raw material must have sufficient gas
permeability to ensure the separation process in the retort. Oil shale is
separated in dressing plants out of big ROM (>25 mm) pieces. This takes
place in heavy medium where pieces of limestone interlayer lumps and
concretions of ROM sink, and oil shale floats on the surface (Fig. 4.). The fine
oil shale, sifted out of ROM before dressing separation, goes to power plants.
The limestone separated from ROM, i.e. waste, which is approximately 40%
of ROM ore, is suitable for production of low-quality crushed aggregate used
in building construction, but most of it goes into waste dumps as this market
is too small.
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Oil shale processing

Qil production

In the early years oil shale was used as a solid fuel for steam locomotives
and heat plants. The development of the oil shale industry started due to
changes in the conventional petroleum industry. Until World War II the
main uses of oil shale were for the oil and chemical industries, processing
60% of mined oil shale. Oil gave 8% of Estonia’s export income [12, 13].
After WW II the conventional petroleum industry developed. At the end of
the last century the importance of oil production decreased since oil prices
were low and oil production in Russia increased. In the seventies the interest
for oil had increased for a while in connection with the Arab oil embargo.
The same reason has developed today for oil shale processing interest in
Estonia [14-16], due to the recent rise in international oil prices.

Several oil and gas production technologies have been developed, tested
and used (Table 4).

The main product of the chamber retort was gas. The produced oil was a
by-product. Although it was a valuable chemical product, the yield of oil
was low. The low yield of oil from fusion-retort was caused by the low
organic content of oil shale in the mining area of Vanamdisa. The simplest
and most proven units are vertical generators where processing is carried out
with an internal energy source of blowing hot gas from the generation
chamber. At the same time, vertical generators have the lowest yield of oil.

Table 4. Oil production technologies in Estonia

Average
. Processed | ., .
Process, name versions User Years . oil yield,
mill tonnes %
0
First Estonian oil shale
Industry, Eesti Esimene
Pintsch’s generator or | pdlevkivitodstus (in 1921... 80.3
Vertical retort or Estonian) = VKG — Viru 16
Kiviter process Keemia Grupp
A/U Kivioli = Kivioli
Keemiatiiostuse OU 1933... 14.0
Horizontal retort or |7, 11 sisa Oil Plant 1923-1931 | 0.004 16
Fusion retort
Davidson’s retort Kohtla Oil Plant 1931-1961 1.4 19
Kohtla-:larve Oil Shale 1955-1968 27
Tunnel oven Processing Plant 21
unnet ov A/U Kivioli 1920-1975 | 144
Sillamée Oil Plant 1928-1941 0.8
Chamber retort Kohtla-Jarve Oil Shale 1947-1987 | 55.9 5
Processing Plant
Solid heat carrier g o ~ | 1953-1981
(SHC) or Galoter Kivioli Keemiatoostuse OU 2006, 2.2 13
process Eesti Power Plant 1980... 7.7
Amount since 2002 179.3 13
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The Davidson and Fusion-retort and tunnel oven and chamber retorts that
used external heating produced higher yield, but required more repair,
handling and workload. In SHC generators, oil shale is heated by the
ash/mineral residue from heating. At first SHC units required too much
service and repair and had short equipment lifetimes. The reason was mainly
low construction quality, low quality of fabrication materials and low levels
of automation. Today most of these disadvantages have been corrected.
Units that were more commonly used — vertical retorts and tunnel and
chamber retorts — required material that is called lump oil shale. This
material provided enough permeability for gas movement. Pelletized fine oil
shale was tested in generators in Sillaméde but these tests were not successful.

Oil shale separation is costly. For that reason lump oil shale has been sold
to oil production plants at a cost that is below its actual production cost. The
oil industry has been subsidized by the power industry [17, 18]. This
guaranteed that the oil production industry did not vanish already 40 years
ago. Already at that time it was a goal to find technology that would be
capable of using unprocessed oil shale. The most successful approach has
been the SHC unit. Due to the fact that this technology is complicated, the
development has not been totally successful enough in the beginning of the
free market economy period. An important obstacle for SHC development
has been the attitude of academic society in Estonia.

Tests of underground oil extraction were performed in the Kividli mine in
a block measuring 25 X 75 m. The better-quality oil shale was brought to the
surface but low-quality oil shale was set into piles and ignited. Air was
pumped into and gas out of the mine. The oil shale bed was only 12 m deep,
and most of the gas came out from cracks in the ground. Water flowed into
the mine from side pillars and from the surface; this absorbed heat. This
method did not prove itself because of the work load, low yield and
environmental impact. The last test block was prepared but not ignited and
was abandoned in the sixties.

Power production

Estonian heating and power stations started to use oil shale in the 1920’s.
The first oil shale power plant with a capacity of 3.7 MW was built in Piissi.
After WW II Tallinn and Kohtla-Jarve power plants were renovated. Ahtme
power plant was started in 1951. New plants were equipped with powder
units that were capable of burning fine oil shale. During this period the
development of the oil shale industry was driven by Russian interests in north-
eastern Estonia. Two large power plants were constructed close to Narva, both
capable of burning oil shale with high mineral content. For supplying these
power plants, the Viivikonna surface mine was reconstructed and the Sirgala
and Narva surface mines were opened. For the same reason the Viru and
Estonia mines were opened, the Aidu surface mine was opened, and the Tam-
miku and Ahtme mines were reconstructed. Separation plants were built in the
new and reconstructed mines and in the Aidu surface mine that allowed
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finishing handmining techniques and handsorting and started high produc-
tion levels for power plants and oil factories.

Oil shale development decreased when the nuclear power industry
developed. Until the accident at the Tshernobyl Nuclear Power Plant, it had
been planned to shut down the large Estonian power plants by the end of the
millennium. Only the Piissi plant was actually closed.

Oil shale-based construction materials

The first building material industry segment that started using oil shale was
the cement industry. The content of oil shale ash is similar (clay minerals) to
the raw material of cement. The feedstock for Portland cement that was
made from oil shale ash came from flyash that had been collected in electro-
static flue gas cleaners at the power plants. Light brick products from flyash
and sand heated in autoclaves became popular. The waste rock from oil shale
separation units has constantly been used as a building material. Due to the
low resistance to freezing and the occurrence of micro-fractures from blast-
ing this aggregate is suitable only for road or construction site ballast
material. Lately (since 2006) oil shale wasterock has become beneficial due
to road construction activity and limitations to limestone mining, crushing
and sorting. The main method of beneficiation is crushing the softer part of
oil shale, i.e. organic material, and screening it out.

Conclusions

The future of oil shale mining is closely related to the past and current
situation in Estonian deposits and international oil prices. Mining and
processing technology has been continuously developed but further develop-
ment is required for meeting environmental and economic requirements.
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Abstract

More and more conditions of mining are changing
for the worse and more strict environmental
requirements engender situation where mining
companies have to apply new methods of mining.
Methods in the result of which environment would be
threatened as little as possible and high quality
products could be got. One of such methods is high
selective mining of oil shale by surface milling cutter
Wirtgen 2500 SM.

Surface Miner 2500 SM allows to mine oil shale
environmentally sustainable, to reduce losses, to
improve oil shale calorific value as well as helps
Power Stations to decrease the volumes of SO2, NOx,
ash and CO2 by environmental requirements.

Keywords

Surface mining, Wirtgen 2500 SM, oil shale mining,
high-selective mining

Introduction

The Estonian oil shale deposit stretches from the
Russian border at the Narva River 130 km west along
the Gulf of Finland. Oil shale is a yellowish-brown,
relatively soft sedimentary rock of low density that
contains a significant amount of organic matter and
carbonate fossils. The thickness of the oil shale seam,
without partings, ranges between 1.7 m and 2.3 m. The
compressive strength is 20 MPa to 40 MPa compared
to 40 MPa to 80 MPa for limestone. The density of oil
shale is between 1.4 g/cm3 and 1.8 g/cm3 and that of
limestone is between 2.2 g/cm3 and 2.6 g/cm3. The
calorific value of oil shale deposit is fairly consistent
across the deposit.

There is a slight decrease in quality from the north to
the south, and from the west to the east across the area.

Oil-shale resources of Estonia are state-owned and lie
in the Estonian deposit which is of national
importance. State has issued mining licenses to the
mines and pitches allowing them to perform mining
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works. About 98% of electric power and a large share
of thermal power were produced from Estonian oil
shale. Power stations can burn oil shale with net
calorific values of around 2.050 kcal/kg or 8.4 MJ/kg.
Net calorific values of oil shale used for retorting and
chemical processing must be approximately 2.700
kecal/kg or 11.4 MJ/kg.

Mining conditions are degreasing continuously,
therefore new technologies must take in use to
increase output materials quality, to protect
environment and to make mining more effective. One
effective way is to use high selective mining method,
such as mining with Surface Miner.

2. Technology overview
2.1. Current technology

Draglines are used for overburden removal (1) (Figure
1). After the overburden is drilled and blasted (2),
stripping equipment excavates the overburden from
the oil shale and handles it in the previous mined-out
strip (3). The roof of the oil shale is first cleared by
dozers to minimize dilution. The oil shale is then
ripped by large dozers and loaded into trucks by
shovel for transportation to the crusher stations located
at the surface facilities. After crushing, the oil shale is
loaded into railway cars and shipped to the Estonia
Power Plant [4].

2.2. New technology

Surface Miner breaks, crushes and loads material in
one operation. Productive oil shale seams and
limestone interbeds are extracted layer by layer, oil
shale is loaded directly to the dump trucks or is
handled on to the extracting seam and then is loaded
by bucket loaders into the dump trucks (Figure 2).
Further, trucks to the Power Plant transport oil shale.
Barren rock is removed by Surface Miner directly to
the pit heap or is handled on to the limestone layer and
then is rehandled by bulldozer or bucket loader into pit
heap.



Overburden (peat, sand, clay) @ Drilling and blasting
Overburden (limestone)

Oil Shale

dumped intercalation (limestone)
dumped material dragline
reclaimed area

(5) Ripping and dozing

@) 01l shale excavation

(E) Reclamation

Figure 1. Schematic mining scheme

(drilling station SBSha 200)
@ ‘Waste removal dragline ( dragline Esh 15/90)

(dozer CATD 11 R)
and removal of limestone layer

( shovel EKG 4,
trucks BELAZ 7548, Euclid R 32, 3)
(dragline Esh 10/70, different smaller dozer)

Figure 2. Surface miner loading technologies: windrowing (4) and direct truck loading (B)

3. Surface mining technology advantages
compared with current technology

Mining process carried out by Surface Miner is
changed considerably in comparison with current
technology. Number of the machines required for
extraction of mineral resources is reduced. In addition
to SM, bulldozers are used for overburden removal
and dump trucks for extracted material transportation.
Seismic vibrations available in blasting are absent
during SM mining. Dust is emitted in minimum during
cutting and loading, noise does not disturb. The SM
has got high productivity (Wirtgen 2500 SM more

than 1 million ton of oil shale per year), that reduces
mining process impact on the environment and
shortens duration of mining. Quick and comparatively
noiseless and dustless mining gives possibility to
extract mineral resources next to the settlements and to
reclaim mined areas in acceptable way for population.

There are some opened and partially opened mine
fields at the present mineral deposit (Ubja, North-
Kividli, Kohtla-Vanakiila, Kose-Tammiku). They are
situated next to the populated areas where oil shale of
a bit lower quality deposits under thin overburden and
allows to use high-selective extraction.
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3.1.Decreasing losses

The most perspective advantage of SM is high-
selective mining. Surface Miner can cut limestone and
oil-shale seams separately and more exactly than
rippers  (2...7 cm) with deviations about one
centimeter. It is estimated that precise cutting enables
Surface Miner to increase the output of oil shale up to
1 ton per square meter. It means, that oil-shale looses
in case of SM technology can be decreased from
conventional 12 up to 5 percent.

The oil yield increase by 30%, up to 1 barrel per tone
during the oil shale retorting, because of better quality.
The same principle is valid for oil shale burning at
Power Plants because of less limestone content in oil
shale. It results to higher efficiency of boilers, because
up to 30% of energy is wasted for limestone
decompose during the burning process. Positive effect
would result in lower carbon dioxide and ash
emissions.

4. Oil shale quality, environmental
impact, CO2 capture and storage
technologies

Stratified structure of oil shale seam specifies that
content and properties of the fuel supplied to the
Power Plants largely depend upon the conditions of oil
shale mining and enrichment. Limestone interbeds
attending to saleable oil shale are the decisive factor.
Estonian Power Plants are trying to upgrade calorific
value of oil shale used as well as to reduce content of
ash and CO2.

More and more strict environmental requirements
produce new challenges to Power Plants to reduce
emissions discharged into the environment. The main
requirements for Power Plants are as follows:

- ash wvehicles reconstruction should be

executed by 16 July, 2009.

- overall limit amount of SO, emitted by the oil
shale burning plants should be about 25 000
t/per year since the 1% of January, 2012.

- ash disposal should be carried out according
to Landfill Directive by January,1%, 2013.

- all boilers should meet the requirements of
LCP Directive by January,1%, 2016.

This gave an impetus to Power Plants to research oil
shale use of different calorific values.

One of the possible alternative solutions for Power
Plants is to research usage of oil shale of 10.5 MJ/kg
or 11.5 MJ/kg calorific value. Alternative capacity in
electric power generation of a new complex is 2x300
MW or 2x400 MW and calorific value of oil shale
used at EEJ (block of fluidized bed) and at shale oil
plant (TSK-140) is 8.5, 10.5 or 11.5 MJ/kg.

46

When using oil shale of the above mentioned calorific
value in the blocks of fluidized bed sulphur dioxide
(SO2) emissions into atmosphere are very small. They
make up some percent from 25 000 ton. In the mode of
pulverized burning emissions of SO2 of four blocks
make up maximum 13 000 ton. In addition to this it is
necessary to install NOx equipment by 2016.

During burning carbon dioxide (CO2) is emitted into
atmosphere too. During oil shale burning in addition to
CO2 emerging from carbon burning there is surplus
amount of CO2 arising from limestone decomposition.
Under conditions where prices for CO2 quotas are
high it is necessary to actuate all possibilities for CO2
reduction. Emitted CO2 has to be caught and stored.

In the world roughly 60% of the CO2 emissions takes
place at large stationary source, such as electric power
plants, refineries, gas processing plants and industrial
plants. In the majority of these processes, the exhaust
flue gas contains diluted CO2 (5% to 15%) One
options is to separate the CO2 from other gases.
Another option is to remove the carbon before
combustion, as in the case where hydrogen and CO2
are produced from natural gas (CH4).

Captured CO2 can be either stored or reused (e.g.
resource for producing soft drinks or in greenhouses to
help plant growth). Because the market for CO2 reuse
in currently limited, the majority of CO2 extracted
needs to be stored. CO2 can be stored in geologic
formations (including depleted gas reservoirs, deep
saline aquifers and unminable coal seams). CO2 can
also be fixed in the form of minerals

In Estonian there are two ways of storage CO2. One is
open-cast, ash field storage and another is open-cast
storage or underground back filling.

I version: CO2 open-cast, ash field storage

Ash and minimal quantity of water is bumped into
tank, which is next to pot. Ash and water are mixed
and then CO2 is carried into the mixture. Unnecessary
CO2 is lead to chimney. Dry pulp form mixture is
transported to open-cast or ash fields.

II version: CO2 open-cast storage or underground back
filling

Ash and water is bumped into tank, which is next to
pot. Ash and water are mixed and then CO2 is carried
into the mixture. Unnecessary CO?2 is lead to chimney.
As appropriate pulp and CO2 mixture is transported to
open pit, ash field or underground mine. When pulp
and CO2 mixture is transported to mine, then tails are
added and the mixture becomes petrify fill. In such
case it is possible to make new pillars in the mine and
to extract more oil shale from pillars.



5. Conclusions

Mining conditions changing for the worse more and
more make a claim for new and environment-friendly
mining technologies. High selective mining by Surface
Miner 2500 is one of such possibilities. Surface Miner
2500 allows to mine oil shale close to the towns and
populated areas quickly and with small disturbance, to
mine oil shale without blasting, to restore mined areas
with suitable microrelief, to get higher productivity, to
produce oil shale of higher quality. Calorific value of
the raw material remains in the range of 8.4-11.4
MJ/kg. Surface Miner 2500 allows to use extracted oil
shale without preparation and to generate electric
energy in new fluidized bed boilers. Because of that
emissions of CO2 are reduced by 20 % and ash
amount is reduced up to 15 %.

Strict environmental standards gave an impetus to
Power Plants to research oil shale use of different
calorific value. Alternative solution is to study oil
shale use of 10.5 or 11.5 MJ/kg.

Use of oil shale of that calorific value in fluidized bed
blocks and pulverized burning boilers keeps sulphur
dioxide (SO2) content in the permitted limits of 25 000
ton. In addition to that NOx emissions into the air
should be reduced by 2016.

More and more attention is turned to decrease CO2
problems and to work out new solutions.

In Estonian there are two ways of storage CO2. One is
open-cast, ash field storage and another is open-cast
storage or underground back filling.
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10 Jaama Str., 41533 Johvi, Estonia

Surface miners (further SM) can find their natural applications in projects
where drilling and blasting is prohibited or where high-selective mining of
mineral seams required. Selective mining improves the quality of oil shale.
Through the cutting quality the mineral resource utilisation is more effective
and environmental impact is lower. The present paper introduces a highly
selective oil-shale mining technology and results of an analysis on cutting
and quality parameters. Size distribution and calorific value of oil shale is in
dependence on cutting thickness and cutting (advance) speed. It is possible to
achieve required average size of mined oil-shale particles, which was con-
firmed by the present investigation data. The information obtained enables
specialists to improve the quality of mining works by means of fuel consump-
tion optimisation.

Introduction

Estonia is currently an independent energy producer due to existing of oil-
shale deposit and favourable mining and processing conditions. At present
Estonia is the only Baltic state, with its own oil shale resources used as fuel
by local independent energy producers. Situation in energy market of
Estonia will be changed in the nearest future, especially after deregulation of
regional energy from 2013. Situation in energy market is changing day by
day, there is a great pressure for “green” energy using, which is subsidised
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by the government. In the nearest future (from 2013) the energy market of
Estonia will be deregulated and it will affect local energy market greatly.
Therefore every oil-shale producer should think today how to be successful
in the future.

Due to environmental restrictions and social pressure, testing of high-
productive and environmentally friendly high-selective mining is needed for
successful continuation of independent energy supply (oil shale) for an EU
state country, Estonia. New flexible and powerful mining technology — the
best available technology (BAT) — will guarantee independence of Estonian
energy sector [1]. Development of mining machinery and mining technology
by the way of high- selective mining will improve environmental situation in
the Baltic Sea region and Europe. Effect can be achieved in decreasing CO,
pollution, ash pollution and water pollution.

Selective mining and especially high-selective mining enhances the
possibility to mine out mineral with needed quality. Through the cutting
quality the mineral resource utilisation is more effective and environmental
impact is lower, which was proved by offered methods.

The methods include theoretical and practical research of proposed
modern mining technology. The main aims are analysis and comparison of
different cutting schemes and parameters, collecting and interpretation of
actual technological data, creating a database and elaboration of calculation
and optimisation methods, monitoring and analysis of main technological
parameters. The adequacy of the proposed methods is proved by the in-situ
tests and laboratory investigations.

One of the major parameters in cost prise of extracted oil shale is fuel
consumption. In oil shale cost price (SM technology without transportation
cost) the fuel makes up about 30%. It is important to optimize fuel con-
sumption for minimizing SM technological oil shale cost price to 15%.

The analysis is focused on two main factors that greatly affect on quality
and price cost of oil shale: cutting tools and fuel consumption.

Advantages of continuous surface miners (SM)

There are some perspective advantages of continuous surface miners today.
The most perspective advantage of SM is high-selective mining. Surface
miner can cut limestone and oil-shale seams separately and more exactly
than rippers (2—7 cm) with deviations about one centimeter. It is estimated
that due to precise cutting surface miner enables to increase the output of oil
shale up to 1 tonne per square meter. It means that oil-shale losses in the
case of SM technology can be decreased from conventional 12 to 5 percent.
The oil yield increases by 30%, up to 1 barrel per tonne during oil shale
retorting, thanks to better oil shale quality [3]. The same principle holds for
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oil shale burning in power plants because of less limestone in oil shale. It
results in higher efficiency of boilers, because up to 30% of energy is wasted
for limestone decomposition during the burning process. The positive effect
would result in emissions of lower carbon dioxide and ash [2, 3].

Another perspective of surface miner would be apparent in places with a
relatively small overburden thickness (less than 10 m) and near the towns
where the removal of hard overburden with SM should be considered instead
of overburden blasting [4]. In these cases SM would “cut” considerably
operating costs of stripping and offers the possibility to mine out reserves
near densely populated areas.

High-selective mining with Wirtgen 2500 SM

The Wirtgen 2500 SM design with a mid-located cutting drum (diameter
1.4 m, cutting width 2.5 m) was expected to be more promising for hard rock
(80-110 MPa) applications than the front-end designs. Here, the whole
weight of the machine (100 t) is available for the penetration process, and
only a smaller torque resulting from the cutting process (cutting depth up to
0.6 m) has to be counterbalanced [5]. Besides, the surface miner with middle
drum concept moves during the winning process. Due to this great moving
mass, much more dynamic mass forces can be applied than during the
movement of a small mass of the cutting organ mounted on a boom.

Analysis of cutting tools

One of the most important issues is the cutting tool. The selection of a right
cutting tool is essential for good cutting performance & high life, since it
constitute a major share of operation cost of the machine. Evaluation of oil
shale breakability and cutting direction importance for Estonian oil shale
deposit was performed by a method developed by A. A. Skotchinsky
Institute of Mining Engineering (St Petersburg, Russia) in the 1970—1980-s.
For this purpose over a hundred samples produced by cutting of oil shale and
limestone, as well as taken in mines by mechanical cutting of oil shale were
analyzed. The in-situ testing of different drums for longwall mining shearers
was held at “Tammiku” mine from August 30 to September 30, 1982 [12].
One of the main results of tests was the conclusion that the number of
cutting bits increasing from one to two pieces per cutting line brings about a
decrease in specific energy consumption by 44%.

To check in practice the data received in 1982 regarding a modern
surface miner, from 2007 to 2009 two milling drums were tested, with one
and two cutting bits per cutting line. During the year 2007, there were more
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than 5000 engine operating hours (mh) with the first drum and during the
year 2008 about 4000 mh with the second drum.

For the first milling drum equipped with WSM-19, the average con-
sumption of cutting tools was 2.5 picks per 1000 bulk cubic metres (bm®) of
rock mass. For the second drum equipped with WSM-22 CP (Plasma coated)
this number was 2.4 times less and equal to 1.03 picks per 1000 bm’. In oil
shale cost price (SM technology without transportation cost) the cutting tools
made up about 3.5% for first and 1.9% for the second drum. But the decrease
in energy consumption (fuel) varied from 3% up to 45% and was not stable.
To understand the influence of other factors, analysis of size distribution of
oil-shale particles for different cutting layers and parameters was held at
Narva open cast.

Oil shale size distribution versus thickness-to-speed ratio

The Wirtgen 2500 SM surface miner was delivered to AS Eesti Energia
Kaevandused (former AS Eesti Polevkivi) at the end of 2006. The testing of
SM began at “Narva” oil shale open pit. The test place “Narva” is located
approx. 200 km north-east of Tallinn near the town of Sillamée in the north-
eastern part of Estonia (N59 15; E27 44). The fractional analysis of crushed
oil shale was made from 16.04.2008 to 20.06.2008 for a drum with two
cutting lines. During the testing period more than 7000 kilograms of mined
rock from different layers (Table 1) were analysed. At the same time
monitoring of parameters of cutting such as (advance) speed of cutting
(¥, m/min) and thickness of cutting (4, m) was made. It is important to
mention that all calorific values are shown as “wet” (natural, mined-out
condition).

The SM testing has shown that size distribution and calorific value of oil
shale depend on cutting thickness and cutting (advance) speed [5]. It is
possible to achieve the required average size of mined oil-shale particles, as
proved the present investigation data, as well.

The oil shale geotechnological data for the test area are given in Table 1.

Table 1. Oil shale geotechnological data for the test area, calorific values
of “wet” shale

Layer|Layer| Geol. |Volume Layer Calorific | Cutting nr. | Cutting | Cutting

No |index | thickness, | density, | productivity,| value, thickness, | speed,
m t/m3 t/m2 Ml/kg m m/min

14 F2 0.28 2.07 0.58 2.49

13 | FI 0.41 1.79 0.73 5.88 I-EF 053 82

11 E 0.52 1.58 0.82 9.28 II-EF 0.40 10.0
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10 | E/D 0.07 2.14 0.15 1.72
9 D 0.07 1.85 0.13 4.95 MI-EF 040 97
8 | D/IC 0.23 2.41 - 0.00 [4-limestone | 0.25 9.5
7 C 0.39 1.52 0.59 10.60
6 C/B 0.21 2.02 0.42 2.88 IvV-CB 0.55 98
5 B 0.39 1.33 0.52 16.04 V-CB 0.45 10.0
4 | B/A 0.18 2.37 - 0.00 | 5-limestone |  0.20 9.5
3 A’ 0.1 1.79 0.18 5.90
2 |AYA| 0.01 1.97 0.02 0.00 VI-AA 0.25 8.1
1 A 0.13 1.42 0.18 11.88
> or :
Total AVG 3.0 1.9 43 7,72 8 3.0-3.05 9.4

Test results

The results of testing and size distribution of oil-shale particles for different
layers are presented on Figures 1 and 2. On size-distribution lines there are
values of average particle size (X5p) measured in practice marked with white
rings. The range of X5, varies from 40-50 mm for the complexes EF and CB
to 80 mm for the complex AA. The graphs in Fig. 1 show that cuttings I-EF
and III-EF do not guarantee high calorific value of oil shale. Oil shale grade
depends on the size of extracted oil shale, which, in turn, is closely related to
energy (fuel) consumption and, on the other hand, to cutting speed and oil
shale quality [6] (see Fig. 2, Table 2).
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Fig. 1. Cumulative calorific value (“wet”) for oil-shale layers vs. size distribution.
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Fig. 2. Oil-shale size distribution at different values of cutting speed
where @ — cutting in oil-shale complex AA (V=2 m/min, 2 =0.22 m); @ — cutting
in oil-shale complex CB or EF (V=8 m/min, #=0.55 m) and C/D (0.25 m); ® —
distribution of average-size particles at cutting of all oil shale layers.

Table 2. Testing of cutting different oil-shale layers

Layer to | Thicknessto | Output of S0-mm | Output of average- Specific energy
cut speed ratio, particles, size particles, consumption,
hlV, % X50mm» %o X004, mm kWh/bm’

I-EF 6.9 41 62 0.21
II-EF 4.5 51 40 0.21
HI-EF 4.0 59 28 0.23
IV-CB 5.5 40 70 0.17
V-CB 4.0 51 40 0.23
VI-AA 3.1 79 15 0.45

Surface miner testing results presented in Table 2 show that the data for
specific energy consumption are similar, but at the same time average
particle size varies greatly.

The conventional method (specific energy consumption vs output of
average-size particles) gives a logical result but no correct answer as for the
reasons. It is logical that increasing average particle size requires less energy
for cutting. In other words, such parameters like cutting thickness and
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advance rate per cutting (cutting advance speed) influence particle size of the
output (see Fig. 2, Table 2).

The relationship between cutting thickness (%), cutting speed (V) and
average particle size (X5p) can help to find optimal cutting parameters for
regulating oil shale quality [6, 7]. Analysis of different cutting speeds and
thicknesses for each oil-shale layer shows a good correlation between thick-
ness-to-speed ratio (4/V) and particle output X5, (see Fig. 3B).

The dependence between specific energy consumption and thickness-to-
speed ratio for three basic cases (graph A in Fig. 3) shows that at rock
cutting overbreaking and oversizing zones that are characterized by greater
energy consumption and the optimum area typically lies between these two
zones.

The example of oversizing situation is presented in Fig. 4. The right
photo shows large-particle rock between the crawlers as a result of
thickness-to-speed ratio. In this case depth of cutting was #=0.55 m and
advance rate V=8 m/min, A/V'=6.9%. It is proved in practice that at
h/V >6% cutted rock remains oversized.

In such cases we need much more energy to crush big lumps, and as a
result fuel consumption is not effective.

To control optimum cutting regimes and parameters it is possible to
stabilize fuel consumption inside the optimum area. In-situ testing shows
that energy consumption during rock cutting can be decreased to 45% not
only by the means of the use of right cutting tools but by the regulation of
thickness-to-speed ratio (4/V) as well.
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Fig. 3. Dependence of specific energy consumption on thickness-to-speed ratio (A).
Dependence of specific consumption (right axis) and thickness-to-speed ratio (left
axis) on 0—50 mm particle output (B).

Fig. 4. Effect of cutted rock oversizing in case A/} ratio >6%.

Conclusions

The distribution of the summarized calorific values determined during the
tests do not contradict with the earlier tests for drum with one cutting bit per
cutting line, made by Mining Institute of Tallinn University of Technology,
(contract Lep7038AK with Eesti Energia AS) [8]. Results obtained by these
tests can result in applications in different industrial sectors. The main
applications will of course be found in the surface high-selective mining and
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road construction. New applications could be seen in zones where rock soils
could be transformed into soils for agricultural use.

Analyses of Estonian energy systems have shown that higher quality of
the fuel in power stations could lower high CO, emissions and at the same
time increase effectiveness of power or oil units [9]. This goal can be
achieved by decreasing CO,, ash and water pollution through the regulation
of quality of oil shale by highly selective mining methods [10, 11].

There are a couple of direct and indirect effects which reduce oil shale
cost prise. Various factors relevant to oil shale technology have been
determined [12]. The optimisation of cutting parameters is one possible way.

Analysis of the results shows that the used thickness-to-speed ratio
method is applicable in Estonian oil shale industry. The obtained information
enables specialists to improve the quality of mining works.
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Oleg Nikitin*"; Erik Vili**; Jury-Rivaldo Pastarus " and Sergei Sabanov "
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Abstract: The paper introduces a high-selective oil-shale mining technology and the first
9 months of surface miner (SM) Wirtgen SM2500 testing results at “Narva” open-pit in
Estonia. The technology allows to decrease oil-shale loses from 10-15% up to 5-7% on
in-situ conditions. Mining process of the surface miner has a lower disturbing impact,
which is topical in open pits and quarries especially in densely populated areas. The low
level of dust and noise emissions and also very low vibration are arguments to mine oil
shale with surface miner instead of drilling-blasting operations.

Keywords: Wirtgen 2500SM, surface miner; high-selective mining; rock breakability,
mineral loss

Introduction

Oil-shale resources of Estonia are state-owned and lie in the Estonian deposit, which is of
national importance. State has issued licenses to the mines and pitches allowing them to
perform mining works, and marked out the portion of the bowels of the earth or the earth
allotment. In essence, this allotment is the field that the enterprise has to excavate fully
during its lifetime. Terms and requirements for mining are provided in the mining permit
and also in lots of legal acts the objects of which are mainly environment, labour safety
and health protection.

Down to the depth of 30 m and at places covered with forests and bogs, opencast mining
is preferred for economic motives, e.g. relatively cheaper and quicker preparations for
production; introduction of highly productive machinery and improved efficiency as a
result; safer and healthier working conditions than in mines. That's why opencast pitches
were taken into use 30-40 years ago on the territory between Piissi and Kohtla. At
present, Narva Pitch Ltd. and Aidu Pitch Ltd. are still in operation. Opencast mining
gives about half of the total oil-shale production of Estonia.

In the central part of the oil-shale deposit of Estonia, south of Kohtla-Jarve and Jhvi,
where the density of population is higher and oil-shale lies deeper, only underground
mining has been performed. During the history of oil-shale mining, 8 mines have been
fully exhausted. Estonia Mine Ltd. and Viru Mine Ltd. have the necessary oil-shale
resources for underground mining.

" E-mail: oleg.nikitin@ep.ee, erik.vali@ep.ce, pastarus@cc.ttu.ee, sergei.sabanov@ttu.ee
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For more than eighty years oil shale has been mined in Estonia. During that period about
950 million t from estimated four billion tonnes reserves have been extracted. About 98%
of electric power and a large share of thermal power were produced from Estonian oil
shale. Mining sector faces challenges to increase the output of mines and to minimize the
environmental impact of mining at the same time.

Continuous mining and milling techniques for the hard rock industry are up to now
limited through the hardness of rock material. The application limits for the future
technique will be placed above the limits of bucket wheel excavating systems with a
diggability of normal up to 10 MPa of uniaxial compressive strength (UCS). This can be
expanded with special designed excavators for frozen hard coal or soft limestone [1].
Horizontal and vertical ripping techniques are currently used for materials up to 50 MPa
UCS, sometimes combined with in-pit crushing systems.

Technological improvements are necessary in this situation and surface miners have
perspectives to offer solutions because there are some experiences of the continuous
mining with surface miners in Estonia. Wirtgen surface miner (SM) was used for
limestone mining from 1989 to 1991. From the recent tests for oil shale mining in 2004
and 2006 with MANTAKRAF and Wirtgen surface miners and the Vermeer terrain
leveller (T1255) is testing on limestone quarry from the end of August 2007 [2].

Technology Overview
Current technology: low-selective mining

Surface mining is carried out in open casts with maximum overburden thickness of 30 m.
Draglines with 90 m boom length and 15m’ bucket sizes are used for overburden
removal. Hard overburden consists of limestone layers and is blasted before excavation.
Oil shale layers are blasted as well or broken by ripping (low-selective mining).
Disadvantage of ripping is excessive crushing of oil shale by bulldozer crawlers.
Excavated rock is transported with 32-42 or 55 tonnes trucks (Belaz and Euclid) to the
processing or crushing plant depending on opencast (Figure 1).

Surface Miner Wirtgen 2500SM: high-selective mining

Continuous surface miner, which are designed to cut softer rock materials like sandstone,
clay, bauxite, hard coal, phosphate, gypsum and marl are operating between 10 MPa and
70 MPa compressive strength. Nowadays, road cutting machines are working materials
up to 100-110 MPa compressive strength. The very recent developments show that there
is a need for investigations to enlarge the mentioned application limits.

The Wirtgen 2500SM design with a mid-located cutting drum (diameter 1.4m, cutting
width 2.5m) was expected to be more promising for hard rock (80-110 MPa) applications
than the front-end designs. Here, the whole weight of the machine (100 t) is available for
the penetration process and only a smaller torque resulting from the cutting process
(cutting depth up to 0.6m) has to be counterbalanced. Besides, the surface miner with
middle drum concept moves during the winning process. Due to this great moved mass,
much more dynamic mass forces are possible than during the movement of the small
mass of the cutting organ mounted on a boom.
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Figurel. Schematic mining scheme of the oil shale excavation

Note: @—Drilling and blasting; @—Waste removal dragline (ESh 15/90); ®—Ripping and
dozing (dozer CAT D 11 R); ®+®-0il shale excavation (shovel EKG 4, trucks
BELAZ or Euclid R32); ®—Reclamation (dragline ESh 10/70, different smaller
dozer)

Modifications and development work for the tested SM focused mainly on the
corresponding cutting drums (number of cutting lines) and specifications of the cutting
tools, different loading technologies (windrowing or direct truck loading) also (Figure 2
A, B).

Al

Figure 2. Different loading technologies: windrowing (A.) and direct truck loading with
Wirtgen 2500SM (B.)
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Perspective Advantages of Surface Miner Technology

Surface miners can find their natural applications in projects where drilling and blasting
is prohibited or where selective mining of mineral seams, partings and overburden is
required. Besides they offer further advantages as for example:

e Less mineral loss and dilution.

e Improved mineral recovery especially in areas sensitive to blasting.

e Less stress and strain on trucks due to minimum impact of the excavated material.

e Primary crushing and fragmentation of mineral rock.

e Reduced capacity requirements for preparation plants.

The most perspective advantage of SM is high-selective mining. Surface miner can cut
limestone and oil-shale seams separately and more exactly than rippers (2-7 cm) with
deviations about one centimeter. It is estimated that due to precise cutting enables surface
miner to increase the output of oil shale up to 1 tone per square meter. Its mean, that oil-
shale looses on the case of SM technology can be decreased from conventional 12 up to 5
percent (Table 1).

Tablel. Comparison data of Ripping and SM oil-shale technological looses

Layer | Layer Geol. ¥m3 tm2 Mike Cutting| Looses V{;ﬁ?;:i li;gglsrelz li;;;frel;

nr. index Thickness nr. | Wirtgen, m 2 ? m > m2 ?
14 F2 0,21 2,07 0,4347 3,46 |
13 F1 0,38 1,73 0,6574 8,50 0 0 0 0
11 E 0,52 1,59 0,8268 11,32 2 0 0
10 E/D 0,07 2,12 0,1484 2,82 3 0 0 0 0
9 D 0,07 1,81 0,1267 7,09 0,02 0,04 0,05 0,09
8 D/C 0,24 2,37 0,36 4 0,01 0,01 - -
7 C 0,48 1,54 0,7392 12,71 5 0,02 0,03 0,06 0,09
6 C/B 0,18 2 036 4,20 6 0 0 0 0
5 B 0,43 1,32 0,5676 20,23| 7 0,02 0,03 0,06 0,08
4 B/A 0,18 2,36 0,45 8 0,01 0,01 - -
3 Al 0,1 1,65 0,165 10,01 0,02 0,03 0,06 0,10
2 A'VA 0,01 1,97 0,0197 4,60 9 0 0 0 0
1 A 0,13 1,42 0,1846 16,01 0,02 0,03 0,05 0,07

Total 3,0 1,8 4,23 10,6 0,11 0,20 0,28 0,52

Looses Total 5% 12 %
Effect Total 7%

The thickest and harder limestone seam “C/D” (60-80 MPa) has sufficient quality to
produce aggregate for road building and concrete. Separately extracted limestone (C/D
and A'/B) can be left directly in mine, which reduces haul costs and increase run-out oil
shale heating value without additional processing.
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The oil yield increase by 30%, up to 1 barrel per tone during the oil shale retorting,
because of better quality. The same principle is valid for oil shale burning in power plants
because of less limestone containing in oil shale. Its results higher efficiency of boilers,
because up to 30% of energy is wasted for limestone decompose during the burning
process. Positive effect would result in lower carbon dioxide and ash emissions [2].
Another perspective of surface miner would apparent in places with relative small
overburden thickness (less than 10 m) and near the towns where the removal of hard
overburden with SM should be considered as well instead of overburden blasting. On
these cases the SM would “cut” considerably operating costs of stripping and possibility
mine out reserves near the densely populated areas.

“Narva” Open-pit Test Results

The Wirtgen 2500SM surface miner was delivered to AS Eesti Polevkivi at the end of
2006. The testing of SM was beginning at “Narva” oil-shale open pit. The test place
“Narva” is located approx. 200 km north-east of Tallinn near the city of Sillamae in the
north-eastern part of Estonia (N59 15; E27 44). The SM testing was held from
01.01.2007 to 30.09.2007 and was divided onto winter and summer periods. The machine
was operated in two or three-shift systems.

Shift-hours distribution

During the first, so-called winter-period (01.01-31.03.2007), 1248 total operating hours
from 1808 available shift-hours the SM with 18% of windrowing method was applied.
During the second summer-period (01.04-30.09.2007) 2882 total operating hours from
3608 available (windrowing 30%) and during the all periods (01.01-30.09.2007) 4130
from 5416 available shift-hours the SM with about 26% of windrowing method was
applied. The real cutting time was 41 and 48 from available shift-hours for the two first
periods correspondingly. For the while period this number is about 46%, where on
average during the shift-time 33% SM operated on oil-shale layers and 13% on limestone
(layers C/D and B/A). The Figure 3 illustrate the shift-hours distribution graphics for the
while testing period.

Windrowing method 18% Windrowing method 30% Windrowing method 26%
01.01-31.03.2007 01.04-30.09.2007 01.01-30.09.2007
5,3% 4 7% B.7% 4,0% 4 go; fas  44%48%

)

7.0%
Pl ‘ 405% 4% Rl ‘ 4.9%
‘:“n.“'.hh .QD% l . ‘W?an

20,1% 23.8%

) ? l 45 5%

Figure3. Shift-hours distribution graphics for three testing periods

Where, = repairing; - cal cutting; B other downtimes; EER manoeuvres;
@» pick replacement/control; D» maintenance; D» refueling.
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During the first period registered “other downtimes” is about 31% for the next periods
this number about 20%. The percent of “other downtimes” (from 20% up to 30% on
average) include about 7% of time looses for trucks exchanging, about 6% for SM upper
conveyor manoeuvres, then about 6% for spade-work (SM controlling before and after
the shift) and up to 10% time looses due to the ground water problems.

Rock Breakability Results

To be able to transfer the achieved results to other rock mines, it is necessary to identify
the SM and cutting rock parameters responsible for the breakability factor of a deposit.
The development of such a generalised classification system is therefore an important
objective of the project as well.

Concentratibility and trade oil shale grade depend on sizing extracted oil shale, which, in
its turn, is closely related to energy consumption and the selected method of oil shale
breaking. Applying statistical distribution according to Weibull, the function of size
distribution of oil-shale particles may be assumed as follows:

W =1 exp[(d/do)"] O]
where dy = dye3 is diameter of screen opening to pass 63.2% of broken oil shale; m is
breakability factor.

The results from sieving analysis made for limestone and oil-shale layers show that for
“Narva” open pit test site conditions breakability factor m = 1.1. Hence, the share of oil
shale § passing the 25 x 25-mm screen in the total mine-run shale equals to

8 25 =d a5 =1 —exp[(25/dye3)"'] 2
where, dge3 =0.3336+3.6Vto/nnz for SM up-cutting direction; V is cutting speed; t is
cutting step; n is drum rotation ratio; z is number of cutting lines on drum (z=1 for
previous tests); o iS uniaxial compressive strength of rock.

Cutting tools consumption

Estonian oil-shale bed consists from oil-shale and limestone seams with different
thickness and compressive strength. Oil shale is relatively soft rock with UCS 15-40 MPa
but limestone is 40-80 MPa. There are also places near the karsts zones with 100-120
MPa compressive strength. During the cutting process the loads in cutting tools vary
greatly due to the differences in rock physical and mechanical parameters, which lead
increased loading of the cutting drum.

The cutting tools average consumption is 2.3 picks per 1000 bm® of rock mass (about
16% is limestone). In oil shale cost price (SM technology without transportation cost) the
cutting tools modified about 3.5 %, that not a big number.

The SM direct and indirect effects influence on oil shale cost price

During two technologies comparison it is very important to take into account available
indirect effects influence on rock (oil shale) cost price.

From the graph on Figure 4 it is seen that in SM cutting performance range 1100-1200
bm’ per shift of rock mass (available if containing not more than 20% of limestone with
2.4 t/m®) the SM high-selective technology on same level with Ripping low-selective
technology.
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The SM technology direct effects

Loading method influence

Analysis has shown that by direct truck loading method, truck-waiting downtime
decrease real cutting time by 1.0-1.5 hour per shift and average cutting speed by 20-25%.
On a Figure 4 below dependence of SM cutting performance on windrowing percentage
is presented.
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Figure 5. Dependence of SM cutting performance on windrowing percentage
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As you can see from the graph (Figure 5), there is a great SM productivity potential when
windrowing percent is growing. The additional LHD-machine operating and SM
depreciation costs greater oil-shale excavation rate is coating. As a result the oil shale
operating cost can be reduced up to 10-15%.

Fuel consumption influence

The average fuel consumption during the testing period was about 0.63 I/bm’ or 97 liters
per engine hour. In oil shale cost price (SM technology without transportation cost) the
fuel modified about 30%. It is significant to optimize fuel consumption to minimize SM
technological oil shale cost price up to 15%. On the graph (Figure 6) the optimal number
0.45 1/bm’ achieved inside of cutting effectiveness range 60+80%. The cutting
effectiveness is percent of SM working on cutting from total number of engine hours.
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Figure 6. Fuel consumption influence on a percent of cutting effectiveness
The SM technology indirect effects

Due to the less mineral loss (effect 7%) there are indirect effects like:

a) Lesser reclamation cost per square meter

b) Lesser royalty taxes

¢) Lesser overburden operating cost per bm’ of oil shale

d) Additional income from oil shale looses decreasing
It is estimated that due to precise cutting enables surface miner to increase the output of
oil shale up to 1 tone per square meter. Then additional income can reduce oil shale cost
price up to 16-20% and effect will growing with oil shale sale price. The lifetime of
“Narva” open pit will increase up to one year.
With oil shale output increasing the overburden removing operating cost decreasing and
minimizing oil shale cost by 25%.
From year to year the royalty taxes increase up to 4% per year in Estonia. On such
situation the effect from lesser royalty taxes per excavated oil shale can be from 7% up to
15%.
The reclamation cost effect on oil shale cost price decreasing is about 1-2%.
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So, the total indirect effect is about 50%. As a result the SM high-selective technology on
same level with Ripping low-selective technology when 750 bm® per shift is achieved
(Figure 4).

Discussion

Currently Estonia is independent energy producer thanks to existing of Oil-Shale deposit
and favourable mining and processing conditions. Due to environmental restrictions and
social pressure testing of high-productive, environmentally friendly, mechanical mining
is needed for successful continuation of independent energy supply (oil shale) for EU
state country, Estonia. Situation in energy market of EU will be change in the nearest
future. Decreasing need for energy import to Estonia will be very helpful for European
energy market. New flexible and powerful mining technology will guarantee securing
independence of Estonian energy sector [3]. Development of mining machinery and
mining technology by the way of selective mining will improve environmental situation
in Europe and Baltic Sea region. Effect can be achieved in decreasing CO; pollution, ash
pollution and water pollution.

Selective mining enhances the quality of oil shale. Through the cutting quality the
mineral resource utilisation is more effective and environmental impact is lower. The
disturbing impact of drilling-blasting operations in quarries and open pits next to densely
populated areas causes vibration, dust and noise emissions which are arguments to stop
operations where blasting is used. Surface miner high-selective technology has
perspectives due to reduced dust and noise, non-existent vibration and dust emission
levels also.

By extending the applicability of the surface miner/road cutting technology from soft
material into semi-hard and hard rocks with UCS of up to 110-120 MPa, an economically
and environmentally acceptable alternative to drilling and blasting could be available. By
taking into account the rock-mechanical and mine planning aspects of the test
application, an evaluation of the overall economical feasibility and the transfer of the
results to other hard rock mines can be ensured.

Conclusions

Results which will be obtained by this project can result in applications in different
industrial sectors. The main applications will of course be found in the surface mining
and road construction sectors. New applications could be seen in zones where rock soils
could be transformed into zones with agricultural capacities.

There is a couple of direct and indirect effects which reducing oil shale cost prise up to
80% due to less mineral loss, loading method (windrowing), optimized fuel consumption
when high-selective mining technology with surface miner is applayed. The result of this
work will be taken into account for the next SM design.
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The paper deals with risk management problems in Estonian oil shale mines.
Investigations are focused on application of the method to determination of
the quality of geological data. Various factors relevant to mining technology
in Estonian oil shale deposit have been determined. For risk estimation, the
empirical and judgmental approaches and the event tree were used. They
allow determining the probability of the occurrence of geological features
and its influence on the mining process. Analysis of obtained results showed
that it is necessary to elaborate special methods for determination of the geo-
logical conditions in the mining area. The obtained information affords
specialists to improve the quality of geological information and consequently
the mine work efficiency. The analysis shows that the used method is applic-
able in conditions of Estonian oil shale industry. The results of the investiga-
tion are of particular interest for practical purposes.

Introduction

In Estonia the most important mineral resource is oil shale. Oil shale
industry of Estonia provides a significant contribution to the country’s
economy. Underground and surface mining in the Estonian oil shale deposit
causes a large number of technical, economical, geological, ecological and
juridical problems, which cannot be solved on conventional theoretical basis.
Risk management is a most powerful tool to solve complicated mining
problems. The data, which have been accumulating in the last 40-50 years,
concern the experience obtained by oil shale excavating and provide a good
basis for investigations.

This study addresses risks associated with stability of the immediate roof
in the mines Estonia and Viru, depending mostly on the geological feature.
The primary interest of this study concerns evaluating the usability of the
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method and estimating the probability of failure without a detailed assess-
ment of its consequences. The study is based on the world’s and Estonian
experience. As an example of application, the risk analysis of Estonian oil
shale mines has been conducted.

Risk management involves making a judgment about taking a risk, and
all parties must recognize the possibility of adverse consequences which
might materialize [1-4]. Therefore, owners will be required to deal effectively
with the consequences of a failure event. Prevention of the hazardous situa-
tion is more moral, ethical and economic than facing the adverse con-
sequences. Having received the information, the management of a mine or
open cast can come to adequate political and strategic decisions. The mitiga-
tion process will reduce the adverse consequences [1, 5]. Investigations have
shown that the share of risk relevant to geological data in mining and
environmental protection is very large. It is known that rock mass properties
vary and depend on its location. It is impossible to determine exactly all the
geological features. The reliability of geological data determines the
efficiency and safety of mining and environmental impact. It includes bed-
ding, underground and surface water conditions, existence of karst, joint
systems, etc.

Some of the various geological factors relevant to Estonian oil shale
mines have been determined. For risk estimation, the judgmental and
empirical approaches and event tree have been used. The risk management
method allows predicting the probability of failure of the immediate roof in
the location of interest. Getting the information allows specialists to mitigate
negative influence of risks on the excavation process and environment.

Analysis showed that the risk management method used is applicable to
Estonian oil shale mines, which are of particular interest for practical
purposes.

Theoretical background

In the world, risk management methods are used in different branches of
industry and for many different technical systems. In Estonia, including
Eesti Polevkivi Ltd, risk management methods are focused on health safety
problems. There is less information about the application of risk manage-
ment methods to geological conditions and technological processes. In spite
of the varied terminology, there is general agreement on the basic require-
ments [1,3,5,6]. The terminology and risk management/assessment
methodology used in the frame of this project are presented below.

Risk can be defined as the likelihood or expected frequency of a specified
adverse consequences [1, 4]. Risk management is the systematic application
of management policies, procedures and practices to the task of identifying,
analyzing, assessing, treating and monitoring risk [1, 3, 4]. Having obtained
the risk information, a decision-maker must come to a decision.
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Risk assessment is the process of deciding whether existing risks are
tolerable [1, 3, 4, 7-10]. It involves making judgments about taking the risk
(whether the object or process is assessed as safe enough). Risk assessment
incorporates the risk analysis and risk evaluation phases. Schematically the
process of risk management/assessment is presented in Fig. 1.

Risk analysis is the process of determining what can go wrong, why and
how. It entails the assignment of probabilities to the events. This is one of
the most difficult tasks of the entire process. Probability estimation depends
on the type and quality of the available data: analytical, empirical or judg-
mental approaches [1, 3, 7]. Component event probabilities may be assessed
using a subjective degree-of-belief approach [2, 4].

Attaining an exact value of probability for technical systems and pro-
cesses is not a realistic expectation. Tools that are often used to help in risk
estimation are fault/event trees [1, 4, 11].

Risk evaluation is the process of examining and judging the significance
of risk. It is based on the available information and the associated social,
environmental and economic consequences.

Risk acceptance is an informed decision to accept the likelihood and the
consequences of a particular risk. In some countries, there is a certain risk
level that is defined as the limit of unacceptable risk. For failure events with
no potential fatalities or irreparable damage to the environment, the target
failure probability may be decided exclusively basing on economic condi-

RISK ANALYSIS RISK EVALUATION
Scope and risk analysis Safety management
plan definition principles

A A 4

| Risk identification | | Risk acceptance | |Ri5k mitigation |

NO

A YES
| Risk estimation | Y
| Guidance on risk -based |
decisions

‘ I

the ogl'gg f)?'ferlgcess ? How safe should
) p ' the object or process be?

v

Is the object or process assessed as
safe enough?

Fig. 1. Risk management/assessment process.
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tions and corresponding risk analysis. A target level of 107 to 107 for life-
time risk of the object or process may be a reasonable criterion [1, 2].

Risk mitigation is a selective application of appropriate techniques and
management principles to reduce either likelihood of an occurrence or its
consequences, or both [1, 3-5, 12].

Contributing geological factors

Geological and technological aspects of underground mining can influence
the efficiency of mine works and environment protection. The share of geo-
logical information in these processes is large enough. Some of various
factors which are relevant to Estonian oil shale mines and open casts are
presented in Fig. 2.

In the first stage of investigations, the contributing factors are divided
into two groups: geological and technological factors. Main technological
aspects influencing the stability of a mining block (block of rooms at under-
ground mining) concern the quality of mining and blasting works. Feedback
control and adaptive design methods guarantee the stability of a mining
block [13].

The influence of geological parameters and features on the mining
efficiency and environment protection is significant. Stability of an
immediate roof in face is determined by geological features. The presence or
vicinity of karst, joints and fissures, and aquifer in the overburden rocks in

Applied Quality of
technology mining work

Influence of
rheology

Blasting influence
| on the rock massive

Change of rock

- / Feedback control
I Hydrogeological conditions | of the parameters

Fig. 2. Factors contributing to the mining process.
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face of the mines Estonia and Viru determines the stability of the immediate
roof. These factors, in general, have been determined for the Estonia oil
shale deposit and are presented in a map. A great deal of the karst and joints
inside a mining block area is undetermined, as they are practically impossible
to determine. Risk management/assessment methods allow solving these
complicated problems.

Seismic activity in Estonia is at such a low level, practically negligible,
that it has been considered in this study only to a limited extent.

Immediate roof collapse risk in face, Estonia mine

In the Estonia mine, mining blocks are in different geological conditions. In
the southern area the geological conditions are complicated due to the
presence of karst, joints, aquifer in the overburden rocks. They influence the
stability of the immediate roof. The roof fall risk increases. Figure 3 presents
the event tree for immediate roof stability.

Investigation of in situ conditions has shown that immediate roof stability
depends on two factors: mine work quality (influence 70%) and geological
conditions (influence 30%). Investigations have shown that owing to high
quality of mine works the probability of roof stability is 90%.

In the Estonia mine the room height is 2.8 m. In normal geological condi-
tions it guarantees the stability of the immediate roof in face. Room height of
2.8 m in complicated geological conditions does not guarantee the stability
of the immediate roof. In this case the room height must be increased up to
3.8 m. Investigations showed that the probability of immediate roof collapse
in the Estonia mine is 5% (Fig. 3). It is evident that the estimated probability
exceeds the limit (10°~107%). On the other hand, it is known that determina-
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- nstable roof .
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geological data P=0.200
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Fig. 3. Event tree for immediate roof stability in face, Estonia mine.
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tion of the geological features inside a mining block is practically im-
possible. It is necessary to elaborate special methods to determine a geo-
logical feature inside a mining block. This complicated problem demands
additional investigations.

Immediate roof collapse risk in face, Viru mine

The geological structure and features of the immediate roof in stop determines
the number and sizes of potential dangerous blocks. Prediction of these factors
is practically impossible. Risk management methods allow solution of this
problem basing on the experimental data of in sifu conditions.

The investigation was conducted at the Viru mine in the mining block
No. 184 (right wing). 33 collapses of the immediate roof in stop were
registered. Caving size ranged from 0.001 m” (0.1 by 0.1 m) to 6.0 m* (3.0
by 2.0 m). The height of the collapses in the roof varied from 0.05 m to 3 m.

Stability of the immediate roof in stop has been controlled after blasting
works. The visible potentially dangerous roof blocks were removed
immediately (enforced collapse). Long-term mining experience has shown
the efficiency of this method. After that the spontaneous collapses may
appear in stop, caused by rheological processes.

For probability estimation an empirical approach was used. All the
statistical calculations were based on the actual data of in sifu conditions.
The event tree is presented in Fig. 4.

Analysis of the event tree showed that the probability of spontaneous
collapses, which appear during mine works, is negligible (0.015%). The
probability of enforced collapses remains below 0.5%. Such collapses are
not dangerous because during face inspection the potential dangerous blocks
will be removed.

In summary, collapses in stop are not dangerous for workers and equip-
ment. The probability of the collapses is below the limit — 10°—1072.

Spontaneous collapse
—_— 11

P =3x107 15%x107*
Roof collapse

. P=5x10"
Immediate roof
stability Enforced collapse

4.85x107°

P=9.7x10"
Lack of roof collapse

P=9.95x10"

Fig. 4. Event tree for immediate roof stability in face, Viru mine.
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Discussion

Risk management/assessment methods allow determining the probability of
the immediate roof collapse using the event tree. Having got this informa-
tion, the mine management may decide about taking risks: are they accept-
able or not; are they dangerous for workers and/or for the environment? If
this risk is not acceptable, the mine management must preview the risk
mitigations methods: use of appropriate techniques or/and management
principles to reduce either likelihood of an occurrence or its consequences,
or both. In the Estonia mine the room height of 3.8 m reduces the probability
of an immediate roof collapse and its negative consequences, being the only
true solution.

On the other hand, information about the probability of an immediate
roof collapse offers the scientists objects for future investigations.

Conclusions

As a result of this study, the following conclusions and recommendations
can be made:

1. Geological and technological factors relevant to immediate roof
stability have been determined. The share of geological factors, such
as karst, joints, fissures, aquifer, etc. in this process is large.

2. Geological risks by underground mining are estimated by empirical
and judgmental approaches. In the investigations the event tree was
used.

3. The influence of the quality of geological data on the mining process
is significant. It is necessary to elaborate special methods to determine
the geological features inside a mining block.

4. The risk management method is a powerful tool to solve complicated
mining problems. The analysis showed that the method is applicable
in conditions of Estonia oil shale deposit. The results of the investi-
gation are of particular interest for practical purposes.
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The paper deals with risk assessment of a high-selective oil-shale mining technology using surface miner Wirtgen
2500SM. This study addresses risk associated with productivity and cutting quality on example of Estonian oil
shale deposit in areas with complicated layering conditions. The risk assessment method allows choosing
relevant technology with friendly environment and economic value. For risk estimation the event tree is used. The
results of the risk assessment are of practical interest for different purposes.

1 Introduction

About 98% of electric power and a large share of thermal power were produced from Estonian oil shale. Mining
sector faces challenges to increase the output of mines and to minimize the environmental impact of mining at
the same time. Continuous mining and milling techniques for the hard rock industry are up to now limited through
the hardness of rock material. The application limits for the future technique will be placed above the limits of
bucket wheel excavating systems with a diggability of normal up to 10 MPa of uniaxial compressive strength
(UCS). This can be expanded with special designed excavators for frozen hard coal or soft limestone (Wilke at al.
1993). Horizontal and vertical ripping techniques are currently used for materials up to 50 MPa UCS, sometimes
combined with in-pit crushing systems.

Surface mining is carried out in open casts with maximum overburden thickness of 30 m. Draglines with 90 m
boom length and 15 m” bucket size are used for overburden removal. Hard overburden consists of limestone
layers and is blasted before excavation. Oil shale layers are blasted as well or broken by ripping (semi-selective
mining). Disadvantage of ripping is excessive crushing of oil shale by bulldozer crawlers. Excavated rock is
transported with 32-42 or 60 tonnes trucks (Belaz and Euclid) to the processing or crushing plant depending on
opencast.

Aim of the research and in-situ SM testing is to introduce continuous mining technology on example of Estonian
oil shale deposit in areas with arduous layering conditions. The results of in-situ testing can be used to improve
existing situation in mining fields with complicated geological conditions and in densely populated regions.

Continuous surface miners can find their natural applications in projects where drilling and blasting is prohibited
or where selective mining of mineral seams, partings and overburden is required. Besides they offer further
advantages less mineral loss and dilution, improved mineral recovery especially in areas sensitive to blasting,
less stress and strain on trucks due to minimum impact of the excavated material, primary crushing and
fragmentation of mineral rock, reduced capacity requirements for preparation plants.

The high-selective oil-shale mining technology introduces by surface miner (SM) Wirtgen SM2500 and the first 9
months of testing results at “Narva” open-pit in Estonia. The technology allows to decrease oil-shale loses from
10-15% up to 5-7% on in-situ conditions. Mining process of the surface miner has a lower disturbing impact,
which is topical in open casts and quarries especially in densely populated areas. The low level of dust and noise
emissions and also very low vibration are arguments to mine oil shale with surface miner instead of drilling-
blasting operations. (Nikitin at al., 2007)

The most perspective advantage of SM is high-selective mining. Surface miner can cut limestone and oil-shale

seams separately and more exactly than rippers (2-7 cm) with deviations about one centimeter. It is estimated
that due to precise cutting enables surface miner to increase the output of oil shale up to 1 tone per square
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meter. It means, that oil-shale looses on the case of SM technology can be decreased from conventional 12 up to
5 percent

2 Risk analysis of surface miner Wirtgen 2500M technology

Continuous surface miner, which are designed to cut softer rock materials like sandstone, clay, bauxite, hard
coal, phosphate, gypsum and marl are operating between 10 MPa and 70 MPa compressive strength. Nowadays,
road cutting machines are working materials up to 100-110 MPa compressive strength. The very recent
developments show that there is a need for investigations to enlarge the mentioned application limits.

The Wirtgen 2500SM design with a mid-located cutting drum (diameter 1.4m, cutting width 2.5m) was expected to
be more promising for hard rock (80-110 MPa) applications than the front-end designs. Here, the whole weight of
the machine (100 t) is available for the penetration process and only a smaller torque resulting from the cutting
process (cutting depth up to 0.6m) has to be counterbalanced. Besides, the surface miner with middle drum
concept moves during the winning process. Due to this great moved mass, much more dynamic mass forces are
possible than during the movement of the small mass of the cutting organ mounted on a boom.

Modifications and development work for the tested SM focused mainly on the corresponding cutting drums
(number of cutting lines) and specifications of the cutting tools, different loading technologies (windrowing or
direct truck loading) also (Figure 1 a, b).

Figure 1. Different loading technologies: windrowing (a) and direct truck loading (b)

2.1 Rock Breakability Results

To be able to transfer the achieved results to other EU rock mines, it is necessary to identify the SM and cutting
rock parameters responsible for the breakability factor of a deposit. The development of such a generalised
classification system is therefore an important objective of the project as well.

Applying statistical distribution according to Weibull, the function of size distribution of oil-shale particles may be
assumed as follows:
W= 1 - exp[~(d/do)"] (M

where dy = dj g3 is diameter of screen opening to pass 63.2% of broken oil shale; m is breakability factor.
The results from sieving analysis made for limestone and oil-shale layers show that for “Narva” open pit test site
conditions breakability factor m = 1.1. Hence, the share of oil shale 5 passing the 25 x 25-mm screen in the total
mine-run shale equals to

8.25 = dps = 1 - exp[~(25/dp3) "] @

where, dy g3 = 20.0 + 2.16S' for SM up-cutting direction (see Figure ); S’ is cross-section of cut, cm?.

In 1968 E. Reinsalu had proposed an approximate relationship between energy consumption by different
methods of breaking and average size of mined oil-shale particles, which was later completed with the present
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investigation data (Figure 2).

Concentratibility and trade oil shale grade depend on sizing extracted oil shale, which, in its turn, is closely related
to energy consumption and the selected method of oil shale breaking. Equation (3) and Figures 3 a, 3 b
demonstrates the correlation of the distribution law parameters and specific energy consumption with the
parameters of oil-shale and limestone particles sizing. The tested SM sizing parameters are inside the areas with
number 7 and 8 ( Figure 2 a).
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Figure 2. Effect of method of breakage on specific energy consumption (A.) and the resulting average oil shale
and limestone sizing (B.)

Where, 1 — drilling in limestone; 2 — drilling in oil shale; 3 — cutting machine in limestone; 4 — cutting machine in oil
shale; 5 — cutting of layer B with shearer loader UKR-1; 6 — cutting with shearer; 7 — cutting with DKS (a mean for
measuring cuttability) in limestone; 8 — cutting with DKS in oil shale; 9 — breaking with ripper (surface mining);
Wirtgen 2500SM sizing data (up-cutting direction): ®— cutting in oil-shale complex EF (0.43m); @—cutting in
limestone seams A/B (0.18m) and C/D (0.25m); ®- cutting in oil-shale complex CB (0.36m).

3 Risk estimation of surface miner testing results

The Wirtgen 2500SM was delivered to AS Eesti Plevkivi at the end of 2006. The testing of SM was beginning at
“Narva” oil-shale open cast. The SM testing was held from 01.01.2007 to 30.09.2007 and was estimated by four
testing phase (Figure 3). The machine was operated in two or three-shift systems.

During the first testing phase (l) 145 total operating hours from 200 available (9.4 m/min) and during the second
testing phase (1) 151 from 208 available shift-hours (9.0 m/min) the SM with direct truck loading was tested. But
the real cutting time was 35 and 41% from available shift-hours for the each period correspondingly. During the
third testing phase (lll), 4130 total operating hours from 5416 available shift-hours the SM with about 26% of
windrowing. For the fourth testing phase (V) 111 total operating hours from 112 available shift-hours the SM
windrowing achieved 100%. The average cutting speed during the real cutting time was 11.5 m/min. For the
while period real cutting time is about 46%, where on average during the shift-time 33% SM operated on oil-shale
layers and 13% on limestone (layers C/D and B/A). The Figure 3 illustrates the shift-hours distribution graphics for
the testing phases.
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Figure 3. The shift-hours distribution graphics for the while testing period.

During the testing phase registered “waiting” is about 27%. Obviously, the main reason is direct truck loading
method. Analysis has shown that by direct truck loading method, truck-waiting downtime decrease real cutting
time by 1.0-1.5 hour per shift and average cutting speed by 20-25%. The percent of “waiting” include about 7% of
time looses for trucks exchanging, about 6% for SM upper conveyor manoeuvres, then about 6% for spade-work
(SM controlling before and after the shift) and up to 10% time looses due to the ground water problems.

y = 16,299¢” "2

5 R’ = 0,8288 _—

X
>
S 60 /
S 40 .
'g /
o 20 ¢ o

O L) L) L]

0 20 40 60 80

Windrowing, %

Figure 4. Dependence of SM productivity on windrowing percentages

As you can see from the graph (Figure 4), there is a great SM productivity potential when windrowing percent is
growing. The additional LHD-machine operating and SM depreciation costs greater oil-shale excavation rate is
coating. As a result the oil shale operating cost can be reduced up to 10-15%.

Main aspects influencing the efficiency of the combine work concern the duration of the processes. Cutting
different layers, track dumper loading (waiting), manoeuvres and maintenance processes are the most important
factors. Investigations have shown that duration of the processes influence on productivity. The main quantitative
approach used in risk estimation is the event tree method (Calow, P. 1998). This method was selected as the

1839



most appropriate one for the risk estimation of the SM. In the first stage of the project time factor was taken into
consideration. For probability determination the empirical approach was used (Williams at al. 2004). The event
tree indicating the probabilities of the SM processes and spent time. It is possible to select different variants and
to determine the probability of one.

The event tree allows determining time deviations from average value (Figure 5). Four different testing phases (I-
1IV) of the SM were observed. For determination suitable variant greatest negative numbers were chosen in
comparison analysis with maximal possible productivity received during the tests. Application of the fault tree is
presented in Table 1. Selected variant of the tests give different value of the probabilities and deviations from the
average value. For determination the higher productivity is necessary to give attention on processes with positive
value and improve it quality (Figure 5).
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Figure 5. Event tree of different processes

In case of excluding complicated geological condition higher productivity can achieve owning to the windrowing
method.

Table 1. Time deviations from the average value

Testing phases | I} 1l |\
Maintenance -0.308 -0.164 -0.141 0.614
Cutting -0.216 -0.110 -0.013 -0.244

Waiting 0.449 0.429 0.075 -
Maneuvers 0.957 -0.530 -0.311 0.258

4 Risk evaluation

The thickest and harder limestone seam “C/D” (60-80 MPa) has sufficient quality to produce aggregate for road
building and concrete. Separately extracted limestone (C/D and A'/B) can be left directly in mine, which reduces
haul costs and increase run-out oil shale heating value without additional processing.

The oil yield increase by 30%, up to 1 barrel per tone during the oil shale retorting, because of better quality. The

same principle is valid for oil shale burning in power plants because of less limestone containing in oil shale. Its
results higher efficiency of boilers, because up to 30% of energy is wasted for limestone decompose during the
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burning process. Positive effect would result in lower carbon dioxide and ash emissions (Adamson at. al 2006).

Another perspective of surface miner would apparent in places with relative small overburden thickness (less than
10 m) and near the towns where the removal of hard overburden with SM should be considered as well instead of
overburden blasting. On these cases the SM would “cut” considerably operating costs of stripping and possibility
mine out reserves near the densely populated areas.

Another problem is the oil-shale bed geological characteristics. Estonian oil-shale bed consists from oil-shale and
limestone seams with different thickness and compressive strength. Oil shale is relatively soft rock with UCS 15-
40 MPa but limestone is 40-80 MPa. There are also places near the karsts zones with 100-120 MPa compressive
strength. During the cutting process the loads in cutting tools vary greatly due to the differences in rock physical
and mechanical parameters, which lead increased loading of the cutting drum.

The applicants have recently encountered many situations where manufacturers cutting drum/head designs could
be significantly improved upon, as they were not tailored to the actual geotechnical conditions predominant at the
mine. However, without more user-friendly tools, the opportunity to make such improvements in practice has been
limited. Improved designs have the potential to increase cutting speed and efficiency, reduce pick replacement
costs, reduce machine down time through gearbox failure and pick changing, improve machine reliability by
reducing excessive vibration during cutting, improve loading efficiency and reduce fine oil shale and dust
production. Research program to develop design of cutting tools/drums to minimise cutting tools consumption and
machine down time on the basis of testing data will be develop. New design of cutting drums will lead to improved
tool cutting (pick) loading efficiency with less fine rock and dust production. The result of this work will be taken
into account for the next SM design.

Development of mining machinery and mining technology by the way of selective mining will improve
environmental situation in Europe and Baltic Sea region. Effect can be achieved in decreasing CO, emission, ash
and water pollution.

Selective mining enhances the quality of oil shale. Through the cutting quality the mineral resource utilisation is
more effective and environmental impact is lower. The disturbing impact of drilling-blasting operations in quarries
and open casts next to densely populated areas causes vibration, dust and noise emissions which are arguments
to stop operations where blasting is used. Surface miner high-selective technology has perspectives due to
reduced dust and noise, non-existent vibration and dust emission levels also.

By extending the applicability of the surface miner/road cutting technology from soft material into semi-hard and
hard rocks with UCS of up to 110-120 MPa, an economically and environmentally acceptable alternative to drilling
and blasting could be available. By taking into account the rock-mechanical and mine planning aspects of the test
application, an evaluation of the overall economical feasibility and the transfer of the results to other hard rock
mines can be ensured.

5 Conclusions

Event tree allow determining suitable variant of different processes for continuous surface miner. For
determination suitable variant greatest negative numbers were chosen in comparison analysis with maximal
possible productivity received during the tests. Surface miner higher productivity in testing phase (IV) was
achieved on account of 100 % windrowing method. The high cutting performance can be explainable absence of
waiting time. This information allows finding adequate decision to improve quality of the processes and avoid
negative influence.

Results obtained by this project can be using in different industrial sectors. The main applications will be found in
the surface mining and road construction sectors. New usage could be in zones where rock soils will transformed
into zones with agricultural capacities.

There is a couple of direct and indirect effects which reduce oil shale cost prise on 20% due to less mineral

losses, loading method (windrowing) can optimize fuel consumption when high-selective mining technology with
surface miner is applied. The result of this work will be taken into account for the next surface miner design.
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