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FORIEWORD

The former Energy and Mineral Resources {Resources Assessment and
Accounting) Task of the Resources and Environment Area at IIASA had two
main concerns: first, quantitative assessments of fossil energy resources as
inputs to the IIASA Energy Systems Program,; and second, the impacts of
large-scale development of energy resources on natural and human resources
and the environment, integrating thus with the objectives of environmental
studies at the Institute.

This study demonstrates the role of 1IASA in addressing long-term issues,
in that it combines the development of a methodological framework, in this
case the WELMM (water, energy, land, materials, manpower) approach, with
the application of such atool to a problem of truly global nature, thereby syn-
thesizing information and different aspects of the problem from the perspec-
tives of individual countries.

The importance of coal in the future supply of fossil fuels was strongly
emphasized in the results of the [IASA Energy Systerns Program. However, the
large-scale development of coal resources will have considerable impacts on
all levels of energy production, conversion, and utilization, all of which
require thorough investigation. This report examines the impacts of large
coal-mining operations, i.e. at the resource production level, whereas other
studies using the WELMM approach have addressed the impacts of conversion
of primary resources to the secondary energy carriers required by the consu-
mer.

The impacts associated with utilization of the processed resource by the
socioeconomic system (increase in global carbon dioxide concentralion, air
pollution, and acid precipitation, to name a few key issues) are also being
studied at IIASA, within the Project on Impacts of Human Activities on
Environmental Systems.

JANUSZ KINDLER
Acting leader
Institutions and Environmental Policies Program

December 1983
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SUMMARY

This report examines the natural resource requirements and economics
of the resource eztraclion process, taking coal-mining actlivities as an exam-
ple. Coal was chosen for the study because il is receiving growing aitention
as the fossil energy resource with the largest polential fo conliribute to the
world’s long-term energy supply. As an initial step, the extraction process is
described in lerms of process analysis, considering first of all the geological
characteristics of the deposit to be mined, the resulting mining technology,
and the natural and economic resource flows for the construction and opera-
tion of a porticular mine. The computerized description of the exiraclion
process is stored in the Coal Mines Dala Base (CMDB), which was developed
within the framework of this study. The dalo base currently holds informa-
tion on 70 mines localed in different countries. The analytic approach used is
the first of its kind to compare resource requiremends and economics of coal
mines under such a broad range of geological and socioeconomic conditions.

4 general model of the factors influencing resource inputs end impacts
of the coal-mining process is presenied. Then for each of the main mining
methods (opencast, conventional underground, and hydraulic underground)
the principal geological and technological factors influencing the resource
requirements, economics, and environmental impacts, as well as the com-
paralive advantages and disadvantages of each mining melhod, are dis-
cussed.

For the three main mining methods the resource requirements (includ-
ing manpower, energy, materials, and land) and the economics (including
construction investments and operating costs) are then quantified and their
cost structures (i.e. requirements for the different operations at a mine) are
ezamined in defail using data from coal mines in the US4, the USSK, and
other selected coal-producing countries (dustralia, Austrie, and France).

The dependences of natural resource requirements and economics of
opencast and underground coal mining upon natural (geological) and tech-
nological faclors are then quantified in statistical analyses of the data in the
CHDB. The analyses present results for the dependence of manpower, energy,
material, and land requirements, as well as of some economic factors, upon
the main geological variables (overburden to coal ratio for opencast mining,
mining depth and seam thickness for underground mining) end upon techno-
logical variables (technological system and mine size).

The particular mining system employed and the overburden o coal ratio
were found to have e strong influence on the investment and operaeling costs
of opencast mines, whereas within the data sample analyzed no significant
economies of scale were revealed.

For conventional underground mining, the analyses showed that, for
instance, underground labor productivily increases with the mine size and
seam thickness, but decreases with the mining deplh and rafe of water



inflow. In the analyses it was shown thal the data on labor requirements
Sfrom a variety of Western and Eastern Furopean countries appeared to be
quite comparable. The results suggest that a good possibility of compensating
for losses in productivily, caused by worsening geological condilions al
greater mining depths, is the concentration of production in high-output
mines.

The results of the analyses for underground mining agree closely with
similar lypes of relalionship, where they were available, based on an
independent analysis of all operating longwall mines in the USSK. Other
resulls of the analyses for conventional underground mining concern the
energy and malerial requirements, as well as the amount of waste rock pro-
duced by this mining method.

The resulls of the analyses are considered salisfaclory in view of the
limils imposed by the relatively small and inhomogeneous data base avail-
able and the treatment of coal-mining operations as a single process, and
have demonstirated the clear advantage of WELMM-type physical indicalors
over economic indicators. This study has also shown an obvious need for
establishing and standardizing data systems to support long-term analysis of
resource exlraction, based on physical indicators.

The quantitative resulls of this study constilute a first step in a more
detailed consideratlion of the effects of different deposit characteristics and
resource deplefion phenomena in energy models.



1 THE WELMM APPROACH AND ITS APPLICATION TO THE STUDY OF COAL
RESOURCES

One of the main outcomes of 11ASA's Energy Systems Program was the
recognition that large-scale extraction processes will assume increasing
importance in the transition away from natural petroleum toward unconven-
tional oil resources (such as oil shale or tar sands) and synthetic liquid fuels
derived from coal (Energy Systems Program Group of 11ASA 1981). Large-scale
extraction projects have two main consequences, both of which should be
studied from a systems perspective.

First, extraction of an energy resource can interfere with other local
natural resources, such as energy resources (e.g. methane in coal seams or
uranium in oil shales), land or water resources (e.g. surface water and, to an
even greater extent, groundwater), and other mineral or material resources.
One positive aspect of these interrelationships could be the mining of
resources together with coal in certain cases.

Second (and independent of these local interactions), the extraction and
upgrading of energy resources require large amounts of water, energy inputs,
equipment, materials, and manpower. New energy resources tend also to be
increasingly 'resource-investment-intensive,” either because they are less
easily obtainable (such as deep offshore oil or coal in polar areas) or because
resources of progressively lower quality are being produced, requiring greater
inputs to the resource-processing system. However, in studying resource-
processing systems one cannot look at a single resource (such as energy)
alone, but has also to consider the qualitative and quantitative interrelation-
ships of natural and processed resources that are inputs to the system, as
shown in Figure 1. The requirements for natural and processed resources can
be documented, and this has already been done for energy inputs, in the form
of "energy analyses" or "energy accounting" (e.g. Slesser 1978).

Such a documentation process can be extended to a general form of
"natural resource analysis" or '"natural resource accounting"” as represented
by Figure 1. This task was undertaken by the IIASA research project on
Resources Assessment and Accounting. Five main parameters are considered,
by means of which the impacts of energy strategies, in particular, are
assessed. These are water, energy, land, materials, and manpower (WELMM)
(Grenon and Lapillonne 1978, Energy Systems Program Group of IIASA 1981,
pPp. 279-306).

The WELMM parameters do not cover all possible types of impacts (which
would include air or water pollution, risk, etc.), but they can provide addi-
tional insights in going beyond traditional economic analyses, which have
often proved limited in a long-term context. The WELMM approach has two
essential components, namely the development of physical resource account-
ing tools and the epplicalion of the tools in the analysis of selected resource
extraction strategies. The WELMM approach uses a consistent methodological
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FIGURE 1 The resource-processing system.

framework in order to (a) define clearly the boundaries of the system being
analyzed (i.e. in terms of direct and indirect requirements, etc.) and (b)
ensure that consistently formulated data are used in the resource-accounting
process. This framework for quantitative analysis is provided by computerized
data bases, which are essential tools of the WELMM approach. The data bases
are used to collect information systematically on the WELMM impacts and
requirements of industrial processes deployed in converting primary (energy)
resources to the commodities required by the consumer. At each of the
transformation steps of such a resource-processing system, corresponding
industrial processes can be defined. Data on these processes constitute the
Facility Data Base (FDB) (Griibler and Cellerier 1983). In addition, as a second
type of data base, Resource Data Bases (RDBs) record information on primary
resource availability (at the global, national, or regional level) to meet the
WELMM requirements of the facilities of a particular resource-processing sys-
tem.

Within the FDB, the boundaries of each process analyzed are drawn in
such a way that the processes correspond to industrial units or facilities
along the chain from resource extraction to final use. These units can be con-
sidered as typical in the sense that their characteristics, for a given technol-
ogy and level of industrial development, are independent of their location,
and that they fall within certain standard size classes, which can be identified
in the increasing trend toward standardization in size and equipment, partic-
ularly of energy facilities. Both factors make it possible to keep the number
of reference facilities (on which data have Lo be collected) relatively small,
but still allow a particular energy system to be characterized in sufficient
detail.



The WELMM data bases, which include economic data as well (although
this is not a primary objective), can then be combined either statically or
dynamically for comparative studies of various energy strategies, or be used
within an optimization framework based on one, or an aggregate, of various
WELMM parameters. Applications so far include comparative studies of
technologies for the supply of final energy (electricity) and useful energy (i.e.
a certain array of energy services) (Griibler 1980), and of different processes
for production of synthetic liquid fuels (Merzeau et al. 1981), as well as stud-
ies of alternative energy supply systems (scenarios) at the national level
(Resources Group of ITASA 1979, Gribler 1984). Finally, at the regional level
the WELMM approach has been used to design and compare centralized and
decentralized solar electricity generating systems (Katsonis and Gourmelon
1983).

However, from these applications it became clear that at the intersec-
tion of the data bases on industrial processes and primary resource availabil-
ity, i.e. for the primary resource extraction process, the definitions of refer-
ence processes constitute too high a level of aggregation. This is because the
particular (mining) technology employed is not just influenced by the
required output, its quality, production economics, and technological
developments (as is the case for power plants and other conversion facilities),
but is primarily determined by the geclogy of the mined deposit. Thus, in con-
trast to conversion facilities upstream of an energy chain, which are process-
and stize-specific, the extraction process is sife-specific. To some extent
each mine is therefore unique. Even when mines working similar deposits in
different countries are considered, comparison should be based not only on
purely economic grounds, especially since most of the coal reserves and
resources are located in countries with different sociceconomic systems.
There is also a related problem of data availability, despite the fact that
inside the extractive industries the use of certain physical indicators has
long been recognized as an effective tool for better comparability.

This report describes an attempt to overcome these difficulties but,
equally, to gain a better understanding of the impacts of the extraction pro-
cess on natural resources and insight into the relationships among a complex
of natural resources, taking coal as an example. The first objective was to
develop a new tool, drawing from the concepts underlying the Facility Data
Base and the Resource Data Bases. The result, the Coal Mines Data Base
(CMDB), is described in more detail in Section 2. The second objective was to
use this tool to examine the coal extraction process and, in particular, its
relationship wilh natural (WELMM) resources, with the resulting approach and
conclusions being equally applicable for other energy or mineral resources.

Coal was chosen for two main reasons. First, the increasing importance
of coal in the future energy supply, especially for the development of alterna-
tive liquid fuel sources, is receiving growing attention worldwide (WOCOL
1980a, Energy Systems Program Group of [IASA 1981). Second, coal resources
are a prominent example of a resource whose development does not appear
constrained by the kmown resource base, which is huge both in absolute
terms and compared with other energy resources. Problems of development
will therefore be primarily with (a) the requirements and availability of cer-
tain resources as inputs to the coal production system (special equipment,



qualified manpower, etc.), and (b) the increasing impacts on other natural
resources (land, water) and the environment, caused by production and pro-
cessing of the resource itself as well as by its utilization.

Figure 2 presents an overview of the possible applications of the WELMM
data bases, as well as their interconnections. The Coal Mines Data Base may
be used directly to study the resource requirements of coal mining, in terms
of their dependence upon technological or geological parameters (as done in
this report), or to study the relationship between extraction technology and
coal reserves, i.e. the effective recoverability of the reserves*. Thus the
impacts of development of coal resources at various levels (regional, national,
and global) can be quantified and, with reference to the Resource Data Base,
the compatibility of these requirements and impacts with the resource
availability at these levels can be assessed. This type of analysis can also be
extended to environmental questions. The Facility Data Base and the Coal
Mines Data Base together provide the necessary information base for studies
of energy chains based on coal, either at the final energy level, e.g. the pro-
duction of electricity or synfuels, or at the useful energy level (energy ser-
vices). In a further step the data bases can be used together to study a combi-
nation of various technological routes from the primary resource to the
required (mix of) final products, representing a whole energy system or
"scenario.”

In each of these cases the CMDB and the analysis it supports can contrib-
ute to assessing more thoroughly the impacts of coal mining on resources
and especially how these impacts change with increased coal production lev-
els, i.e. the consequences of resource depletion**.

Whether we are dealing with the 6.9 - 10° or even 12.9 - 10? tonnes of coal
equivalent (tce) of primary energy supplied by coal by the year 2030, as stud-
ied in the scenarios of the Energy Systems Program Group of IIASA (1881), or
whether we assume even a tripling of 1980 world coal production by the year
2000, as presented in the World Coal Study (WOCOL 1980a), the effects of such
large-scale mining and subsequent fuel conversion and use require a
thorough examination, especially as regards resource impacts. To illustrate
the scale of such operations and their possible impacts: the above-mentioned
7—13 - 109 tee (the actual tonnage would be still higher, since a significant
share of this energy production would be from coal of lower ranks) can be
compared with an estimated 12 - 109 cubic meters of solids transported world-
wide annually by rivers. The unprecedented scale of these mining operations
and their possible impacts call for an analysis that considers all the qualita-
tive and quantitative interrelationships of natural resources. The present
report is intended to contribute to this comprehensive approach.

*Here we refer not only to the technically and economically recoverable reserves but also to
issues such as effects of "cream-off,” i.e. that part of the reserve base that, under certain
economlic conditions and associaled systems for mine opening and exploitation, may be irre-
coverably lost. This plienomenon is discussed sporadically in the literature; see, for instance,
the classic article by Therme (1963), from whom the term dcrémage has been taken.

**For a treatment of the economic impacts of resource depletion inside the US coal industry
see, for instance, the work by Zimmerman (1977, 1979).
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2 THE COAL MINES DATA BASE

As already outlined in Section 1, the concept of "typical” facilities, with
respect to technology and size, has to be reconsidered in describing the min-
ing of energy (and non-energy) materials. Here, the individual deposit charac-
teristics determine the technology and size of any mining facility and make
each coal mine unique in that sense. However, for this study we have tried to
identify at the level of the coal basin some generic types of mines working
similar deposits with the same mining technology.

Within the WELMM approach a general scheme has been developed for
describing an energy deposit and its natural environment (Grenon 1980,
Grenon and Gourmelon 1980) (Figure 3). With this scheme and the facility
description format of the FDB, the CMDB consists of a set of files describing the
coal deposit itself (resources, reserves, geology, etc.), the geotechnical condi-
tions for mining, environmental characteristics (land, hydrology, climate,
population, etec.), mine parameters (for surfiace and underground mines), and
a list of main equipment items. In addition, files record the direct WELMM
requirements for construction and operation of a mine (including cost data
when available).

The data are collected with the help of a questionnaire (Appendix A),
which was developed at IIASA. The questionnaire and the CMDB are similarly
structured to make data entry and retrieval easier. As a first step, question-
naires were completed using data from the literature (such as Environmental
Impact Statements and studies by the US Bureau of Mines). Additional ques-
tionnaires were then sent to coal-mining companies and mining research
institutes, or the information was collected directly on field trips. Another
reason for collecting data from industry as well as from literature was to per-
mit an evaluation of the data quality (in terms of data format, availability,
and consistency) of literature sources (which are especially abundant in the
case of the United States).

The mines chosen are considered to represent typical mining conditions
in the basins where they are located. The number of mines for a given basin
can therefore vary. Most attention has of course been devoted to basins that
can contribute significantly to the national or international energy market,
but the list is still far from exhaustive. In addition to this survey of represen-
tative mines at the basin level, a WELMM analysis was carried out for a basin as
a whole (the Lorraine basin in France).

At present the CMDB contains data on 70 mines. The data were entered
into the data base according to the structure of the questionnaire. Table 1 is
a computerized list of the mines, classified by technology (surface or under-
ground), location, and annual output of raw coal (in millions of tonnes*).

*Tonnes (metric tons, t) are used throughout this report.
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TABLE 1 Coal mines for which data have been entered into the Coal Mines Data Base.
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However, the CMDB is not yet complete, i.e. not all the data on the
parameters of the actual data base structure were available. In particular,
WELMM requirements for the construction of a mine are difficult to obtain, if
they exist at all (as is the case for mines built many years ago). In addition,
as the questionnaire is already quite detailed, some mining companies are
reluctant to release the information (this applies particularly to cost data,
which are sometimes unavailable or are excluded from the data base if they
are to be kept confidential). Generally, data collection is a very long process
and probably the best method for data collection would be systematic field
trips, since experience has shown that the questionnaire can be filled out
within a few hours in discussion with mine managers and chief mining
engineers.

2.1 DATA CONTAINED IN THE COAL MINES DATA BASE

Data on 115 basic parameters describing the general characteristics of
the coal deposit, the mine, and its environment are stored in 14 files. (In
fact, the number of parameters in the data base is bigger, since for certain
parameters, such as coal quality, a range of values is stored.) Each file con-
tains the mine code at the beginning. Additional, nonnumerical information
(e.g. on geology and genesis) is provided in a footnote. Appendix A.1 presents
the parameters of the files storing the general characteristics of a mine.
Appendix A.2 consists of the part of the questionnaire relating to the con-
struction and operational requirements of the mine, and is equivalent to the
actual data base in structure. Appendix A.3 is a sample listing of all the infor-
mation included in the CMDB on a particular (opencast) mine.

2.2 DATA STORAGE AND RETRIEVAL

The files of the CMDB are stored using a relational data base management
system called INGRES (developed at the University of California, Berkeley
(Held et al. 1978, Woodfill et al. 1979)), which is implemented in addition to
the normal UNIX* system operating on the PDP 11/70 and VAX 11/780 comput-
ers at 1IASA. The files (or relafions in INGRES) have a matrix structure in
which the columns represent the individual parameters and each mine is
displayed on one line. Each column, or domain, has a name label (attribute
name) associated with it, and the lines of the matrix are called tuples. Within
the INGRES natural query language QUEL, the individual domains are retrieved
with the help of their attribute names, whereas the individual data items con-
tained in the domains can be used as selective or filtering mechanisms.
Another great advantage is that required information can be retrieved into
new relations that automatically take the original format of the source
domains (character, integer, or floating). This feature proves very useful, for
instance, in preparing INGRES input files for statistical analysis programs.

*UNIX is a trademark of Bell Laboratories.
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Of course, it is evident that with a large number of attribute names for
only the CMDB (around 140) it is practically impossible to memorize all of
them, although we have tried to use mnemonic principles as far as possible
(e.g. attribute names like landscape or methane are easy to interpret and
memorize). Therefore, it requires a certain amount of user experience to
work on the data base without some preparation. This preparation is in fact
quite simple since, in addition to the user relations, INGRES includes systems
relations with all the necessary information. Therefore, to obtain, for exam-
ple, precise information about the relation cminesa one would simply type
help cminese and information about this file would be displayed (e.g. number
of tuples and all attribute names with their formats). In addition to this infor-
mation contained in INGRES relations, which are — as part of a data base
management system — adapted more to storing numerical data or short and
precise indicators or keywords than extensive text, we have prepared a text
file (footnote) for each mine, which contains additional, textual information,
comments, and references. This was made to be analogous to the layout of
the Facility Data Base.

A number of UNIX subprograms have also been added. Figure 4 shows the
various data files and subprograms of the CMDB. As mentioned previously, the
great number of parameters revealed the necessity of retrieving data not
only individually, but so that one could also look at all the information on any
particular mine at once. This is done by using a subprogram called COALQ,
which accesses all the INGRES relations containing information on the mine,
combines this information with the complete names and units of the various
parameters (from the input files for the data entry program) and WELMM data,
and, in addition, accesses the relevant UNIX footnote text files and edits all
these data to produce a printout for the mine. All that the user has to do to
obtain this printout is to call the COALQ subprogram and to type the code of
the mine(s) required. The resulting output of this program is stored in a spe-
cial UNIX directory and is also connected to the TREE system (Medow 1983),
and thereby to the other WELMM data bases (FDB, RDBs).

For statistical analyses, interactive programs for stepwise polynomial
and stepwise multiple linear regression have been implemented. The user
has to specify in an interactive session the name of the INGRES relation from
which the input data are to be taken (normally a temporary relation contain-
ing the various parameters to be studied) and the attribute names of the
dependent and independent variables to be analyzed. Furthermore, the user
has to say whether he/she wishes to plot the results. The program then car-
ries out the regression analysis. Intercepts, regression coeflicients, the table
of variance, and the (multiple) correlation coefficients and residuals are
printed and the regression function and the observations are pilotted on a
graph.

In order to ease the entry of new dala, the part of the questionnaire deal-
ing with the general characteristics of a mine has been entered in various
UNIX files (an example from Appendix A.1 is given in Table 2) containing the
questions from the questionnaire, the relevant INGRES attribute names, the
range of answers to be accepted by the entry program, data to be put into the
INGRES files, and the explanations and unils of the parameters (which in turn
are used also for the COALQ subprogram). The program that is called entering



bl

UNIX == Access to INGRESF > INGRES
Piots and
D results of
A regression
T analysis
A - User relations
Complete printouts
F for TREE data filtering
| :l_l_‘ Tuples
llE_ Footnotes * v -~
S Coal questionnaire -
and possible answers —
- i — tt
- _ T Domains
Entering: . - Temporary INGRES
S 5] Automatic interactive : . % relations
U data entering and |
B appending to INGRES i )
P | Systems relations
R L Running: :
8 ) Interactive | =
L statistical
2 r— | analysis
|
g" : L COALQ: Printout # Help command
! 4 and editing of all to retrieve
| information on a Natural language attribute names
i particular mine for data retrieval  of user relations
User | Answers to questionnaire

L{Specification of file, X, X,, X, and Y
Variables, optional graph

Name of coal mine

FIGURE 4 Organization of files and programs of the Coal Mines Data Base.
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has, in addition, a ‘‘verbose’ option that displays to the user possible answers
to each question. The user enters the new data in blocks, corresponding to
the various INGRES files (or optionally combines the individual blocks into a
whole questionnaire session); answers are verified (possible answers, formats,
consistency with previously entered data for the same mine) and then either
accepted or rejected by the program. In the latter case, a list of possible
answers is given under the non-verbose option. When the user has finished,
the data already entered are copied from UNIX into the various INGRES files
with the required formats, data definitions, etc.

To conclude this outline of the Coal Mines Data Base, its contents, struc-
ture, and use, we would like to state that our main objective in the develop-
ment of this data base was to achieve maximum ease and simplicity, not only
for IIASA users but especially for outside users who may not be familiar with
data bases. Although further features could be implemented, the new struc-
ture of the data base has demonstrated more ease in access and data
retrieval than previous pilot structures (based on only a few extremely big
INGRES relations that were difficult to manipulate). However, the simplicity
and ease of use are counterbalanced by a longer response time when the sys-
tem is heavily loaded (at least, on the relatively modest computer facilities at
[IASA). We hope, nevertheless, that this type of approach will contribute to
increasing the number of data base users without requiring permanent assis-
tance from special data base managers.
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3 FACTORS INFLUENCING RESOURCE REQUIREMENTS OF PRINCIPAL
COAL-MINING METHODS

3.1 INTRODUCTION AND APPROACH TAKEN IN THE STUDY

Resource inputs to the coal-mining process are influenced by a great
number of factors. Some of these factors are managed in the course of
design, construction, and operation of a mine, others are given a priori, i.e.
the natural conditions of the deposit. The natural conditions first of all deter-
mine whether the coal of a given deposit can be classified as recoverable
reserves (i.e. whether the natural conditions are adequate for the available
mining technology and the prevailing economic environment).

Although the resources used by coal mines, as well as the factors
influencing these resources, are numerous it is useful to develop a general
scheme of the process of resource consumption. Such a scheme could be a
starting point for a more universal approach to modeling all the resource
requirements of coal mines.

1 |
Natural ﬁesource con-

conditions sumption values
(WELMM
resources)
and/or costs

Technical
decisions

Intensity
of mining
operations

Organizational
decisions

FIGURE 5 Principal interactions between the factors influencing resource consump-
tion in the coal-mining process. ("Intensity of mining operations’ here means the
output of the whole mining process or the output per unit process.)

Figure 5 shows a general scheme where the resource consumption (and
thus also the production costs) of the coal-mining process is given as a func-
tion of a set of influencing factors. The main factors to be considered are
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natural, technical, organizational, and the scale factor, i.e. the intensity of
mining operations (measured in tonnes of coal output per mine and/or per
unit process, e.g. overburden removal or coal transport).

Natural conditions influence resource consumption directly (arrow 1 in
Figure 5) and indirectly by determining technical and organizational deci-
sions at a mine (arrows 2 and 3). Technical and organizational decisions in
turn affect resource consumption directly (arrow 6) and indirectly (through
their influence upon the intensity of mining operations).

Each of the factors mentioned can of course vary independently within a
certain range. In addition, technological progress requires new organiza-
tional setups and allows the intensification of mining operations within the
same range of natural conditions. The rates of technological progress are
rarely the same for different natural conditions. Through technological pro-
gress and its resulting influence on organizational decisions and the scale of
mining operations, resource requirements can change drastically over time.
A good historical example of such changes can be shown for flat coal beds in
the Donetsk basin (Donbass) in the USSR. Mechanization possibilities were
limited at these beds in the 1930s, but radical progress was made afterwards.
In fact, nowadays mechanization at flat beds can be considered as more
effective than at steep beds in the same basin. Thus, specific resource con-
sumption figures can change significantly within the same range of natural
conditions. However, this is a long-term process. If considered statically, all
factors are, in principle, interconnected as represented by Figure 5. Thus,
the natural conditions are the prime factors among all the factors under con-
sideration.

One can imagine a number of approaches to modeling the influence of
various factors on the consumption of resources. The most suitable approach
uses models of the following type:

1

R —1_2 V. +1__i
‘ n j[rw J] n 0 (1)
where

K, is the specific consumption (or cost) of resource i, measured per
unit of the calorific value of the coal mined;

Tij is the same resource consumption measured per natural unit of
work for each mining operation j;

V; is the volume of work in operation j per tonne of coal mined;

is the annual consumption of resource %, independent of the quan-

tity of coal produced;

0 is the annual coal output of the mine;

n is the calorific value of the coal.

The first term on the right-hand side of eqn. (1) represents the part of
the total resource consumption that is proportional to the coal output of the
mine. This part is dependent on the size of the individual mining operations
and on their intensity of use of resources. Fj is the fixed part of the resource
consumption; its value is not influenced by output variations. The factor 7%
is used to recalculate resource consumption values per unit of the energy
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content of the coal produced. Models of the type represented by eqn. (1) pro-
vide a good tool for structural analysis of the factors influencing resource
consumption at mines. (Equation (1) can also be used for a number of
minerals other than coal.)

The influence of any factor (natural, technical, or organizational) can be
disaggregated into a number of typical components, each of which can be
described as a function of the factor. Synthesis of these functions in a form of
eqn. (1) gives a structural model of how the factors influence a specific
resource consumption value through a set of partial impacts on the following
variables.

a. The number of operations j in the mining process. Mining in compli-
cated natural conditions requires additional operations. For example, degass-
ing is needed at mines with high methane emanation; special air conditioning
is required in deep mines because of higher working temperatures at greater
depths; boring and blasting are necessary at opencast mines if the rocks are
firm. Additional operations such as loading and conveying coal at faces are
characteristic of flat seams only.

b. The wvolume of work VJ in operation j per tonne of coal mined.
Unfavorable natural conditions increase the specific amounts of work of a
number of mining operations. The resource requirements of these operations
per tonne of coal grow proportionally to these amounts. For example, the
number of tonne-kilometers of lifting work per tonne of coal (and the result-
ing electricity consumption) increases with the depth of underground mines;
demand for materials for mine supports is higher if rocks are unstable; deep
opencast mines produce much more waste rock per tonne of coal output. If
the cost of removing 1 m? of overburden is considered constant, the total cost
of 1 tonne of coal should increase by a factor of 8 when the overburden to coal
ratio rises from 1 to 17mS3/t.

c. The resource consumption value r;; of resource % per unit of work in
operation j. Specific resource consumption values (i.e. per unit of work) are
influenced by a number of natural and technical factors. For example, labor
consumption at face operations is higher at thin beds; material and energy
consumption per meter of boring increases with the hardness of the rocks;
use of equipment increases in the presence of acidic waters.

d. 7he annual coal output O of the mine. The capacity of a mine is
highly influenced by a number of natural and technical factors, as is the daily
output per face. Increasing the amount of coal produced per mine and/or per
face is considered a highly efficient way of reducing specific production costs,
since about 30-50% of the annual costs are fixed. The specific cost (i.e. per
tonne of coal) is an inverse function of the amount of coal mined out.

e. The calorific velue n of the coal. This value is dependent on nature,
i.e. on the extent of metamorphism of the coal and on the ash content, and
ranges from about 8,000 to 33,500kJ/kg. However, the ash content can be
influenced by technical decisions on additional waste admixture (produced in
mining operations) or waste removal (in preparation operations).
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It is rather difficult to realize in detail the scheme represented by eqn.
(1) if one is engaged in an initial, limited analysis of the problem, neither
would it be necessary in the present case, as a detailed model of the sub-
operations would be required only if one had to deal with the detailed design
and project evaluation of a particular mine. However, eqn. (1) is a good basis
for developing simpler logical models of the interdependences under con-
sideration.

Thus, the analysis of WELMM resource requiremernts of the coal-mining
process will be based on the following principles. The natural resource
(WELMM) requirements will be studied for three mining methods separately:
opencast, conventional underground, and hydraulic underground. This is
because the impacts of the main (geological) factors on both the mining tech-
nology and the WELMM requirements are too different to make these mining
methods directly comparable. Geographic regions of different scales (e.g.
countries or coal basins) will be considered separately for each mining
method: the details of such regions (e.g. available deposits, technological
traditions, or economic systems) are often (but not always) so important that
mines from the different regions cannot be considered together, or even com-
pared directly.

Resource consumption values will be analyzed as specific values (i.e. per
tonne of coal mined out or sold). Estimates per unit of energy produced can
be made by dividing resource consumption by the calorific value 7.

Analysis of the consumption of each kind of WELMM resource and the
economics of coal mining (as presented in Section 4) will begin with a study
of the share of the total resources consumed in each main mining operation
and the dependences of these shares upon various factors. Later on, the
annual and/or specific resource consumption of the mining process as a
whole will be studied by regression analysis to determine the dependences of
the natural resource requirements on the natural conditions and the capac-
ity of a mine.

3.2 GENERAL CHARACTERISTICS OF COAL-MINING METHODS

Because of the influence of the deposit characteristics on the mining
technology and the influence of both of these in turn on the resource require-
ments, it is necessary to distinguish between two main typés of mining
method: opencast and underground mining*. We found it useful to distin-
guish additionally between conventional underground mining {longwall and
room-and-pillar mining) and hydraulic mining, because in hydromining both
the coal-winning and the coal transport operations are quite different from
those employed in conventional underground mining**. This classification is

*Mining methods that are still in an experimental stage, such as borehole mining or in situ
underground coal gasification, will not be considered here, the main reason being the absence
of reliable data from large-scale commercial applications of these methods.

**0f course, in reality it is sometimes difficult to follow this type of classification, as there are
mines that combine elements from both technological systems : hydromines with convention-
al, mechanical coal winning and hydraulic coal transport, and longwall mines with
mechanical—-hydraulic coal winning and conventional coal transport by conveyor.
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more appropriate for the WELMM type of analysis reported here, and should
not be interpreted as the wish of the authors to overemphasize hydromining
technology, which, on the basis of its actual application {a few million tonnes
of coal produced annually worldwide by hydromines), is by no means compar-
able in importance with conventional underground mining systems. This
situation is not expected to change in the foreseeable future.

An analysis of the history and perspectives of the world coal-mining
industry reveals that the most important factors influencing resource con-
sumption in the course of mining can be summarized as follows:

depth of coal bedding;

thickness of coal seams;

tectonic disturbances of deposits;
methane emanation;

mine output;

method of mining.

I e

These factors, and others, will be discussed in more detail for the
different mining methods later in this section.

1. Depth of coal bedding. This factor, together with other natural fac-
tors, influences resource consumption values both directly and indirectly.
The combination of depth and thickness of seams (i.e. the overburden to coal
ratio) characterizes the range inside which the opencast method can
effectively be used. Coal seams extending to greater depths at constant
thickness imply an increase in the amount of waste rocks mined per tonne of
coal produced. If the overburden to coal ratio exceeds a marginal value
{(which depends on the calorific value of the coal mined, and is around
10m3/t for brown coal and up to 30m3/t for high-quality coal), then under-
ground mining, with higher resource requirements, is usually substituted for
opencast mining. If depths increase further, resource consumption increases
even more. Direct resource requirements increase with depth because longer
shafts and underground workings have to be maintained. As the pressure of
surrounding rocks increases, and construction of supports becomes more
difficult, the cost of maintenance and repair of the workings becomes higher.
As the temperature of surrounding rocks increases with depth, special instal-
lations for ventilation, degassing, and air conditioning, and sometimes the
total reorganization of the mining system, become necessary. If these mea-
sures prove to be ineffective, output per face drastically decreases.

2. Thickness of coal seams. The average thickness of the coal seams
affects the volumes of work required per tonne of coal mined out. The total
cost of driving and maintenance of workings in an underground mine depends
on the density of the coal seams in the bearing strata and thus on the area of
the deposit, not on the output of the mine. In thin seams, coal output from
one square meter of seam is less, which is why the costs of the operations
grow (measured per tonne of coal produced).

The same can be said about the specific costs of coal and rock transpor-
tation and of land reclamation operatioms. In addition, face operations at
thin seams are associated with uncomfortable working conditions and lower
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labor productivity. Last, but not least, there is a lack of some modern equip-
ment for working on thin seams.

3. Tectonic disturbances of deposits. [t is difficult to make an exact
quantification of the impacts of tectonic disturbances on resource consump-
tion values. Nevertheless, their considerable effect is obvious. The impacts
of tectonic disturbances and their scale can be quite different. The cost of
prospecting dramatically increases in disturbed deposits, geological data
become less reliable, and therefore mistakes in design and operation of the
mine become more likely. High-efficiency equipment is barely applicable in
these conditions, and mining operations are less intensive.

4. Methane emanation. Methane emanation considerably affects the
resource consumption of an underground mine. Mining of gaseous beds con-
sumes much air and energy for ventilation. Cross sections of underground
workings have to be made larger, and the cost of heading increases. Gas ema-
nation has an effect on the systems of mining deployed. The coal output per
mine and face becomes limited. As an alternative one can arrange special
degassing facilities. They are costly but nevertheless very effective because
all mining operations can be intensified. In addition, the recovered methane
can be used as fuel at the mine or can be delivered to other consumers and,
as such, is receiving growing worldwide attention as a potential additional gas
resource {Delahaye and Grenon 1983).

5. Mine outpul. The capacity of a mine depends upon a set of factors,
including the available coal reserves, bedding conditions, local demand for
coal, the equipment used, and sometimes on historical traditions of design
practice in the country. Thus, the capacity of a mine can vary substantially
for the same value of one of these factors when considered separately from
the other factors. All the resource consumption values per tonne of coal pro-
duced become lower at mines with a higher output*. In addition, the capacity
of a mine tends to increase with technological advances, a good example
being the development of high-capacity equipment and resulting giant capac-
ities at some modern opencast mines.

6. Method of mining. The three main methods of mining (opencast, tra-
ditional underground, and hydraulic underground) have radically different
resource consumption values. Specific costs are in practice several times
lower at opencast mines than at underground mines {and, according to
experience in the USSR, 20—-40% lower at hydraulic mines than at traditional
underground mines). Such costs are nevertheless hardly comparable because
of the different natural conditions in which these mining methods are
applied. Theoretically, the specific costs should be roughly similar for each of
them if considered near the limit of the fields of their effective application.
For instance, opencast mines operating at very great depths have costs com-
parable with underground mines operating at the same depths; and hydraulic
mining becomes particularly advantageous when steep seams have to be
mined.

*Of course, this tendency has its limits, so that a mine has an optimal capacity for every set
of influencing conditions.
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These three methods of mining have radically different cost structures
and different demands for particular resources. In addition, the influencing
factors have quite different impacts for each mining method. For all these
reasons the three methods will be analyzed separately in this report. Some
additional subgroups for different systems of mining and main types of equip-
ment will be treated separately where necessary.

3.3 OPENCAST COAL MINING

The opencast method is considered the most economical of all known
mining methods. However, a study of this type of mining must begin with
some qualifications. First, opencast and underground mines are usually com-
pared without taking into account the important differences in mining depth.
At greater depths the efficiency of opencast mining decreases sharply and
becomes lower than the network of underground mining. Beds near the sur-
face, which are usually mined by the opencast method, are often thicker; but
such undermetamorphosed seams are of coal of low calorific value. Second,
experience in the USSR shows that labor productivity for the best hydraulic
underground mines can reach a level comparable with that of opencast mines
in the same regions. For these reasons, the results of comparisons of the
three main coal-mining methods must be interpreted with great care.

3.3.1 Comparative Advantages and Disadvantages of Opencast Mining

The technological advantages of opencast mining operations compared
with underground mining may be summarized as follows:

a. It is possible to use big machines in opencast mines whereas in
underground mining the size of equipment is limited by the cross
section of the workings.

b. A smaller number of geological factors can adversely influence the
production process. For example, there are no problems with high
temperatures or gas emanation. Seam thickness, tectonic faults,
and the risk of spontaneous combustion do not have as important
impacts and can be managed better.

c. No ventilation or air conditioning is required.

d. Working conditions in the open air are more attractive.

e. The rate of development of machinery is higher for opencast min-
ing.

i For the reasons mentioned above, labor costs per tonne of coal pro-

duced are lower.

g. It is possible to construct opencast mines with much higher capaci-
ties than those of underground mines.

h. There are generally fewer losses of coal reserves in situ.
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When compared with underground mining, opencast mining has some
disadvantages too:

a. A greater amount of waste rock is mined per tonne of coal produced.
(It should be mentioned, however, that overburden operations are
carried out under much better conditions, i.e. in the open air with
high-capacity equipment.)

b. Overburden hardness has a greater influence on productivity.

c. Climatic conditions have considerable influence on the economics
of coal production.

d. Opencast mining operations disturb larger areas of land and have
other unfavorable environmental impacts (such as lowering of the
groundwater table and noise and dust emissions).

e. Deposits of coal under protected buildings or other facilities are in
most cases unavailable, or involve high penalties for land acquisi-
tion and subsequent reclamation. (The giant lignite mines in Gars-
dorf and Hambach in the Federal Republic of Germany provide
impressive examples of such costs: before mining operations begin
entire villages are moved, and after mining is completed the
landscape is remodeled as part of the reclamation process.)

f. The small-scale production of very large equipment for opencast
mining leads to long delivery times and to possible bottlenecks.

g. Stringent requirements generally govern the maneuverability of
mining equipment.

h. The overburden to coal ratio increases with the depth of mining
operations. Consequently, resource requirements and mining costs
also increase.

Several factors therefore determine the field of application of opencast
mining. First, opencast mining is less economical than underground mining
when the overburden to coal ratio exceeds the marginal value (which varies
with the calorific value of the coal and economic and local conditions).
Second, the level of industrial development and the related high population
density in a region determine to an important extent the possibility of mining
by the opencast method. If land is occupied by industrial buildings and other
protected {facilities, or if there are nonrenewable natural objects in the
region, the opencast method cannot be used; even if such objects are renew-
able in principle, the cost of coal production will rise. Third, if there are con-
straints associated with the availability of the labor force, the opencast
method becomes greatly advantageous, for it can be much less labor-
intensive than conventional underground mining. Finally, the use of open-
cast mining ensures maximum output with a short construction period,
although the time required for ordering and installing large equipment has
an adverse effect. Where it is advantageous to apply opencast mining, geolog-
ical and climatic conditions must determine the individual choice of the
most efficient technology and equipment.
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3.3.2 The Influence of Natural Conditions on Opencast Mining

a. Querburden to coal ratio. If this ratio increases, then most of the
resource requirements (and thus the production costs) also increase, roughly
according to the following relation:

c =cg, + Fy..c, 2

where c represents the total mining requirements, including overburden
operations, per tonne of coal produced; c, is the requirements for coal opera-
tions per tonne of coal produced; c, equals the requirements for overburden
operations per cubic meter of overburden removed; and K. is the overbur-
den to coal ratio, in cubic meters per tonne.

c

b. Hordness of overburden. When hard rocks must be excavated, the
cost per cubic meter of overburden stripped is substantially higher than for
loose, sedimentary rocks. On the other hand, soft or clayey overburden can
create problems for the stability of high-capacity equipment and its operation
(for example, some of the supergiant equipment used in opencast mining,
such as the bucket-wheel excavators used in brown coal mines in the FRG,
having a capacity of 25,000 m3 per day, weigh around 13,000 t).

c. Presence of hard stone bands in the seams. Such bands make open-
cast mining operations more complicated and reduce economic efficiency.

d. Presence of other minerals. These can have both negative and posi-
tive influences on coal-mining operations. Although they can hinder the con-
tinuity of mining operations, a possible benefit is the mining of these
minerals together with coal.

3.3.3 Environmental Impacts of Opencast Mining

The main environmental consequences of opencast mining can be sum-
marized as disturbance of land (although reclamation technologies can help
in restoring the disturbed land) and disturbance of natural water flows
and/or the water table. Both kinds of disruption in turn influence the produc-
tion costs. Air pollution (caused by dust) and noise also damage the environ-
ment. Operational coal losses in opencast mining are much lower than those
incurred through underground methods. Losses consist mainly of coal left as
safety pillars and in zones where coal beds are in contact with surrounding
rock and interstrata rock. For strip mines in the Eastern United States, for
example, mining losses account for about 10% of reserves in situ; losses in
pillars (under buildings, outcrop, etc.) account for about 7% of the reserves in
situ. This leads to a total recovery rate of 83% (of course, this rate depends
very much on the type of mining technology used).
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3.4 CONVENTIONAL UNDERGROUND COAL MINING

The two main systems of underground mining are longwall and room-
and-pillar mining. In longwall mining, a plough or drum shearer moves along
the coal face (100—300m long) to cut the coal, which then falls on to a con-
veyor. Self-advancing hydraulic roof supports provide roof control and pro-
tection for the machine operator. Each time the machine passes along the
coal face, the roof supports release their pressure and move forward.

In room-and-pillar mining, coal is removed in intersecting tunnels (gen-
erally 4—5m wide). Coal pillars are left to support the roof. Mining operations
move forward until as much coal as possible has been removed from the
seam. As mining operations move back to the entrance of the mine the coal
pillars are often removed ("room-and-pillar with extraction). There are two
types of room-and-pillar mining: the conventional system and a system that
employs a continuous mining machine. In conventional room-and-pillar min-
ing the coal seam is cut using a cutting machine. Coal in the section of the
seam is shattered by explosives or by compressed air. Loading machines
move the coal to a conveyor or to shuttle cars for transportation out of the
mine. When the coal has been removed, holes are drilled in the roof and steel
expansion bolts are inserted for roof control. In the continuous room-and-
pillar system, coal is removed, loaded, and transported by a continuous min-
ing machine, thus resulting in higher productivity.

The shortwall mining system is, to some extent, a combination of the
longwall and room-and-pillar systems. A continuous mining machine cuts
and loads coal from a pillar about 50—80m wide while self-advancing roof sup-
ports provide protection.

3.4.1 Comparative Advantages and Disadvantages of Conventional
Underground Mining

Compared with opencast mining, underground mining permits excava-
tion of thin coal seams at greater depths (seams lower than 400—500m have
up to now always been worked by the underground method). Underground
mining also produces fewer unfavorable environmental impacts, i.e. less land
disturbance (subsidence can be reduced by complete stowage). Compared
with hydraulic underground methods, conventional underground mining has
the following advantages: there is no need to use large amounts of water (this
is significant only in areas with limited surface- and groundwater resources;
water requirements for hydraulic mines with closed-cycle water circulation
are also negligible) or to dewater the coal, and there are possibilities for
obtaining coarse coal and for selective removal of stone from coal seams
(although this cannot be achieved by all schemes of face mechanization).

The economic efficiency of underground mining is usually much lower
than that of opencast mining. This is caused partly by the more complicated
geological conditions prevailing normally at greater depths. Second, the
intensity of production operations is relatively low as a result of the limited
applicability of big machinery. Also, mining equipment and related facilities,
beside being smaller than in opencast mines, have to be organized in sify,;
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consequently, construction, operation, and maintenance are particularly
expensive and resource-consuming. A final characteristic of underground
mines is the high expenditure necessary for safety measures.

Of the underground mining technologies the longwall and room-and-
pillar systems have different peculiarities. The advantages of the room-and-
pillar system over the longwall system are as follows:

a.

b.

Coal can be produced during seam opening and driving of develop-
ment workings.

There is a possibility for selective mining and a greater flexibility in
responding to changing geological conditions (variation of seam
thickness, faults, poor roof conditions, etc.).

There are no critical areas, as there are in longwall mining (such as
transition longwall drives), or such areas pose no practical prob-
lems.

The equipment is less complicated and thus more reliable and does
not require as highly trained personnel as in longwall mining; more-
over, the capital costs are lower.

Fewer people are required per production unit.

The system does not consume as many metal parts and pieces of
equipment as are consumed at mechanized longwall faces (e.g. for
hydraulic and other roof support).

The comparative disadvantages of the room-and-pillar system are mainly
related to limitations in its applicability. Some of these are listed here:

a.

b.

The minimum seam thickness mineable (around 1.5m) is higher
than in longwall mining.

Application of room-and-pillar mining is limited by the mining
depth, which is not more than 500m, even under optimal condi-
tions.

The operations are not really continuous (or only to a certain
extent), as roof control operations are carried out separately*.
There are problems assoclated with rock dust and ventilation as well
as with protection of miners from falling stones.

Recovery rates are considerably lower than for longwall mining
(50—60% if pillars are not extracted, compared with up to 85—95% in
longwall mining).

The pillars left tend to create unfavorable pressure conditions in
over- or underlying seams.

*On the other hand, the equipment used in longwall systems, though ensuring a truly continu-
ous operation, has the disadvantage of being costly and time-consuming to move to a new
working area.
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3.4.2 The Influence of Natural Conditions on Underground Mining

The main factors limiting the efficiency of underground mining may be
summarized as follows:

a. Strata temperature. The average geothermal gradient at a depth of
650m and lower is 2.8°C/100m. Air conditioning is the principal method for
cooling air and providing normal working conditions at the coal faces of such
mines. However, if mining is carried out below 1,200m, the strata tempera-
ture can rise to 80—70°C; this implies progressively increasing expenses for
cooling.

b. Rock pressure. Rock pressure also increases with mining depth. Seri-
ous problems occur when weak roofs make the use of supports more compli-
cated, or when the floor of the workings begins to swell.

c. Gas content of coal seamns. The relationship between gas content and
mining depth is not simple and some variation has been observed. At some
major coal basins in the USSR, for example, we find the following. As a rule,
no increase in gas content is observed at depths exceeding 300—400m in the
Donetsk basin (Donbass). In the Kuznetsk basin (Kuzbass) the highest gas
content has been observed in seams that lie in closed anticlines or at major
faults. Finally, in the Karaganda basin the most intensive degassing has been
recorded at depths of 2560—300m.

Seam degasification has proved to be an efficient measure for controlling
the gas content of the mine air, since it improves the intensity of mining
operations. Also, the recovered methane constitutes an additional energy
source.

d. Gas outbursts. Seams prone to sudden outbursts of gas and associated
coal outbursts are, for example, now being mined at 130 coal mines in the
Donetsk, Kuznetsk, Karaganda, and several other basins in the USSR. The
danger of outbursts is expected to grow as mining proceeds to greater depths.
The development of reliable technological means for preventing this danger
constitutes one of the most complicated mining problems still to be resolved.

e. Depth of mining operations. Depth adversely affects the efficiency of
mining operations in two ways. First, as mining depth increases, the network
of haulage and air workings must be extended, and this leads to increased
expenditures. Second, many of the factors discussed above are correlated
with depth. For example, in the Donbass in the USSR, a 100m increase in
depth (beyond the 6001n limit) increases expenditures for each tonne of coal
output by 5—7%. So far, no estimates have been made [or mining at depths
exceeding 1,500m. In Lthe USA the problem of increasing mining depth is less
important, owing to the shallowness of most deposits.

f. Coal hardness. Coal hardness has an influence upon the quantity of
energy consuined in the mining process.

g. Liability of spontaneous combustion of coal. In some mining areas up
to 10% of coal seams are prone to spontaneous combustion. Preventing fire is
still a very complicaled and serious problem.
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h. Tectonic faulting of coal seams. Tectonic faulting is one of the most
significant obstacles to the application of efficient modern machinery.
Heavily faulted areas are found in the Kuzbass and in some parts of the Kara-
ganda and Donbass coalfields in the USSR, as well as in many other coal
basins in Europe.

i. Seamn thickness. Complete mechanization is not yet possible for seams
thinner than 0.6m, and this limits their exploitation at present. It is not pos-
sible to exploit seams thinner than 0.4 m if men are required at the coal face.
If the thickness increases in such a way that it is necessary to develop addi-
tional slices the efficiency of coal-mining operations decreases sharply. In
this respect it is interesting to note the recent development, in the FRG, of
hydraulic roof supports and shearer loaders that allow excavation at mecha-
nized faces from very thick seams of up to 5m in only one slice (Benthaus et
al. 1980).

j. Coal quality. The quality of coal (calorific value, ash content in silw,
moisture, sulfur, and phosphorus content, volatile matter content, etc.) has a
great economic effect, both on coal production (requiring, for instance, coal
preparation operations) and on coal utilization and its related environmental
impacts. It slightly influences the choice of mining technology, but does not
noticeably affect the possibility of mining.

k. Angle of dip. Strong dipping of the coal seams mainly limits the possi-
bilities of mechanization at a face.

Other factors, influencing mainly the economics of coal production,
include the amount of water pumped per tonne of coal produced, the density
of the reserves in situ, and the amount of reserves.

3.4.3 Environmental Impacts of Underground Mining

Table 3 shows an overview of the main environmental impacts associated
with underground mining. Generally, these impacts are not as significant as
those associated with opencast mining, and particularly when compared with
the environmental impacts of facilities upstream of the coal energy chain
{power plants, liquefaction facilities, etc.). In addition, engineering control
measures to limit adverse impacts can be applied at relatively low cost.
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3.5 HYDRAULIC UNDERGROUND COAL MINING

A typical technological chain for hydraulic underground mining consists
of hydraulic or mechanical breaking of coal (a distinction can therefore be
made between pure and mechanical hydromining), transport of coal by water
flow under gravity, pumping of the coal slurry, and hydraulic lifting. The pro-
cess is continuous and is typically carried out in the following way. The
shortwall system is used in hydraulic underground mining and this predeter-
mines a long network of development workings, four to six times longer than
the network associated with the longwall system. Hydraulic and
mechanical-hydraulic driving methods with roof support predominate in the
shortwall system. Several different ways of breaking coal at coal faces may be
employed; hydraulic (with hydraulic monitors) and mechanical—hydraulic
(with a shearer) are the most efficient methods. Operations at the shortwall
face as a rule do not require support and roof control. Gravity-flow hydraulic
transport and hydraulic lifting typically constitute the next steps. The slurry
lifted out of the mines is then pumped to the preparation/dewatering plant
situated at the mine site or at the place of consumption. Dewatering and dry-
ing of the coal, cleaning, and return of the water to the hydraulic mine (when
distances permit recycling) are carried out next. Other operations (i.e.
development work) are similar to those in conventional mines.

The requirements for possible and successful application of hydraulic
mining may be summarized as follows:

a. coal seams have to be at least slightly inclined (3-7°) to allow for
gravitational flow of the slurry;

great seam thickness;

shortwall mining with its related extensive driven workings;
sufficient solidity of roof and floor;

relatively soft coal and relative absence of dirt bands;

availability of the required water.

-0 a0 o

3.5.1 Comparative Advantages and Disadvantages of Hydraulic Mining

The hydraulic method was developed in the USSR, where to date most of
the hydromines in the world are located. At present there are six pure
hydromines and three mechanical hydromines operating in the USSR. The
total annual coal output approaches 10-108t. Hydromining is carried out in
the Kuzbass and, to a smaller extent, in the Donbass. It has been tested under
a wide range of geological conditions, i.e. in seams of different thicknesses
with dips from 3° to very steep inclinations. Because hydraulic mining is a
relatively new method, possibilities for a high rate of technological improve-
ment are greater than for lraditional underground technologies. As an illus-
tration of this potential, between 1968 and 1977 the average rate of increase
in labor productivity in hydraulic mines in the USSR was twice that of con-
ventional mines operating under the same conditions. Hydraulic mining is
also used, or has been tested, in Canada (Sparwood mine), the FRG (Hansa
mine, but without success), and Japan, as well as in other countries, but
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nowhere is it as widely used as in the USSR.

The hydraulic method has several technological advantages. In brief, the
method is continuous, consists of few operations, and is comparatively sim-
ple. More specifically, its advantages are as follows:

a. Hydraulic mining is particularly effective where conditions are
difficult, such as disturbed tectonics, inclined seams, methane ema-
nation, and risks of spontaneous combustion. Thus it offers good
possibilities for mechanization and high productivity in conditions
that are difficult for conventional underground mining (e.g. thick
and strongly inclined seams or deep seams).

b. The high degree of mechanization significantly raises labor produc-
tivity and thus reduces the labor costs.

c. Because of the high output per face, fewer faces are required to pro-
vide a particular mine output; the number of faces can be increased
significantly without hiring new staff.

d. Face equipment is light and robust and few metal parts are
required; its low cost means that the initial investment is rather
small.

e. The equipment permits a substantial amount of maneuverability in
the hydraulic coal-breaking process at the face and can be adapted
fairly easily to any tectonic changes in seam bedding.

f. The system is very apt for automation, remote control, etc. and for
centralizing the hydraulic transport of coal.

g. Safety is improved. The low dust content in the air, the absence of
electrical supply systems, and the elimination of blasting reduce
the danger of gas and coal dust explosions; the probability of spon-
taneous fires, especially in seams where there is a risk of spontane-
ous combustion, is reduced; fewer men working at the face and the
absence of trains and machinery at entries and haulage roads lead
to less accidents. According to experience gained in the USSR, two
to three times fewer injuries have been observed at hydraulic mines
than at conventional underground mines*.

Drawbacks inherent to hydraulic technology include high water con-
sumption for industrial needs, high electricity requirements, especially for
transporting coal and dewatering slurry, and the need for additional surface
areas for wastewater ponds. The method is also characterized by a substan-
tial increase of driven workings, resulting from the application of shortwall
mining. Also, the method has limited selectivity in mining and it is impossi-
ble to obtain coarse coal (this is important only for some consumers, how-
ever). Finally, hydraulic mining necessitates additional operations, such as
dewatering of the coal slurry. It also involves increased coal losses (up to 30%
or more) caused both by mining and by dewatering of slurry, but the recovery
rate is still better than in room-and-pillar mining or in longwall mines
operating under similar (difficult) conditions and with a comparable

*However, as the accident (due to smoking) in the Hansa mine in the FRG has shown, there
still exist problems of a psychological nature with respect to the miner’s perception of risk.
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productivity.

Research and experience suggest that the field of application of
hydraulic underground mining is very wide, and can be expanded if the water
pressure at the hydraulic monitors is increased (currently ranging from
around 100—150bar to pressures at least 10 times as high). However, the
dangers related to such high pressures would have to be managed too.

Further improvements in hydraulic methods in the USSR may be
expected in the following areas in the near future: development of self-
propelled hydromonitors with remote control and a high degree of autonomy,
followed by programmed remote and automatic control of the monitors; wider
use of mechanical-hydraulic power loaders in drives; mechanization of roof
bolting; transition to remote control, and then to programmed and automatic
control of development operations; use of closed-cycle water supply schemes;
transport of coal by pipeline over long distances from the mine; automatic
control of hydraulic transport and lifting; combining a number of hydraulic
mines into centrally controlled systems; and finally, development of methods
for combustion of coal in a slurried state without dewatering or drying.

3.5.2 The Influence of Natural Conditions on Hydraulic Mining

In principle, all factors determining the resource requirements and
economics of conventional underground mining are, to a greater or smaller
extent, also valid for hydraulic mining. However, hydromining is particularly
advantageous under conditions that are not favorable for conventional min-
ing techniques, such as steep seams or poor bedding conditions (geclogical
faults, changes in seam thickness and inclination, water inflow, etc.).

If the coal is very hard, mechanical-hydraulic mining (i.e. mechanical
coal winning and hydraulic transport) rather than purely hydraulic mining is
used, for its application is not limited by coal hardness (if adjoining rocks are
of less than average stability, pure hydromining should be applied). However,
these factors do not limit the field of application of hydraulic mining technol-
ogies in general.

Limiting conditions include a seam dip of less than 3—4° (thus prevent-
ing the gravitational flow of slurry), seam floors liable to water soaking and
heaving, seams less than 0.5m thick, and the requirement to produce coarse
coal.

3.5.3 Environmental Impacts of Hydraulic Mining

In addition to the environmental impacts of conventional underground
mining, discussed in Section 3.4.3, hydromines have the following environ-
mental impacts. The production and dewatering of the coal slurry require
large amounts of water and additional land requirements for surface installa-
tions. Wastewater produced in the dewatering process has to be treated in
waslewater ponds. However, research is currenlly under way to develop
closed water cycles that would significantly reduce the water requirements
and the necessity for wastewater treatment.
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4 ANALYSIS OF WELMM REQUIREMENTS AND ECONOMICS OF COAL MINES

4.1 OPENCAST MINING

4.1.1 Structural Analysis of Resource Requirements of Mines in Selected
Countries

4.1.1.1 Opencast Mines in the USA

Sixty percent of the total coal output of the USA is currently produced by
opencast mining (459 million out of a total of 752 million tonnes* in 1982). As
seen in Table 4, the regional distributions of current production and of strip-
pable coal reserves are quite different (Averitt 1975, Fluor Utah Inc. 1975,
WOCOL 1980b, US Department of Energy 1981). In fact, about 60% of surface
production is concentrated in the Appalachian and Illinois basins and the
Western Interior region (including Texas) in the Eastern United States,
whereas these districts account for only about 40% of the strippable reserve
base in situ. On the other hand, the Western coal provinces actually account
for around 40% of surface-mined coal but possess 60% of the strippable
reserve base. This means that the geographic focus of strip-mined coal in the
USA will have to move to the Western coal provinces in the long run. This
trend has already been quite strong in the last 10 years, with the share of
Western strip-mined coal in the total US coal production steadily increasing.
The total strippable reserve base of 142-10%t should not be regarded as recov-
erable reserves. The latter are estimated to be 80% of this total with respect
to technical recoverability and, according to earlier studies by the US Bureau
of Mines (1971), only 50% in view of their technical end economic recoverabil-
ity. However, even il only 50% recoverability is assumed, the recoverable strip
reserves are still huge (150 times the amount produced from surface mines
in 1982) and will allow the high share of strip-mined coal to be maintained in
the medium term**. A major part of any increase in surface mine production
capacity will come from the Western regions of the United States because of
the favorable geological conditions prevailing and the low sulfur content of
the coal. Coal basins in the Western regions are located in thinly populated
and somewhat underdeveloped areas. Apart from its lower sulfur content, the
coal generally has a lower calorific value (lignite or subbituminous coal) than
in the Eastern United States. Geological conditions are excellent: there are
numerous seams of great thickness and coal-bearing suites that are almost

*Tonnes (metric tons, t) are used throughout this report.

**According to the WOCOL (1980b) projections, surface-mined coal output is expected to in-
crease to 800 million tonnes (low case) or even 1,500 million tonnes (high case) by the year
2000.
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flat and regular over large areas.

Opencast mines in the USA are not very large in terms of output. The
largest do not exceed production capacities in the range of 10—15 million
tonnes per year. The average annual output of the 10 largest surface mines in
1982 was around 10 million tonnes, and that of the surface mines within the
50 biggest US coal mines in 1982 was 5.25 million tonnes (Keystone Coal
hhdustry Manual 1978, 1979, 1980, 1981, 1982), whereas the average output of
all 2,120 surface mines operating in 1982 was only over 200,000t per year.
However, there has been an increase in the average mine output. For
instance, the average annual output of the 10 biggest surface mines
increased from 3.8 million tonnes in 1969 to 8.8 in 1979 and to around 10 mil-
lion tonnes in 1982 (Keystone (Coal Industry Manucl 1978, 1979, 1980, 1981,
1982). American opencast mines usually operate under very favorable condi-
tions: the mining depth does not exceed 40—80m and high-productivity equip-
ment is used for handling overburden and coal as well as for transportation.

TABLE 4 Regional distribution of strippable coal reserves and surface production in the USA.

Region Eastern Interior Western Total?
Basin Appalachia linois, Texas Fort Union,

Western Lignite Powder River,

Interior Green River,

Four Corners

Total reserve base

in situ (10° 1)® 104.0 100.5 11.5 208 .4 430.5
Strippable reserve base
in situ (10° t)? 193 246 11.5 85.4 141.8

Strippable reserve base
as percentage of total
reserve base (%) 19 24 100 41 33

Strippable reserve base
as percentage of total

US strippable reserves (%) 14 17 8 60 -
Total production in

1982 (10° t) 373.1 131.3 314 215.7 752.3
Strip-mined production

in 1982 (10° t) 152.2¢ 76.3¢ 314 182.2¢ 458.9

Strip-mined production
as percentage of
total production 41 58 100 84 61

?Including Alaska.

b Demonstrated Reserve Base of Coal in the United States onJanuary 1, 1979 (US Department of Energy 1981).
1981 values; the total strip-mined production in the USA in 1981 was 440.9 - 10° t.

Sources: Averitt (1975), Fluor Utah Inc. (1975), WOCOL (1980b), and US Department of Energy (1981).

As a first step the main data for analysis of surface mines in the United
States were taken from published material. The most detailed information
was prepared by Fluor Utah Inc. (1977) and Bonner and Moore Associates for
use in computer simulation models designed to evaluate the possible costs of
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large-scale surface coal mining in the United States. Eight hypothetical test
cases of coal mining in different regions of the country, under typical geologi-
cal and local conditions and using representative mining methods, were con-
sidered in this study. All test case mines are in areas with great potential for
surface mining operations and include the mining systems most commonly
used in the USA, representing the best technology currently available.

Our study also included data derived from a US Bureau of Mines study on
the estimated capital investment and operating costs of strip mines (Katell et
al. 1978a) and data on two mines considered by the Bechtel Corporation in
their US National Energy Supply model (Stanford Research Institute 1975,
Hogle et al. 1976, Bechtel Corporation 1977, 1978). The disadvantage of these
data is that they do not account for local conditions in detail and that they
are sometimes too aggregated. Therefore, compared with estimates taking
detailed account of deposit characteristics {e.g. Fluor Utah data) or with real
operational data, they are more unreliable and, in general, are under-
estimated (this particularly applied to the USBM study).

Various surface mine projects in the Weslern part of the USA are
described in Environinental Impact Statements prepared by the Geological
Survey of the United States (Department of the Interior). These statements
were considered as a third source of data, but after careful analysis it was
concluded that they are a somewhat insufficient source of information. First,
not all the data necessary for the analysis are included (e.g. no differentiation
is made between raw and saleable {clean) coal and, in some cases, even the
overburden to coal ratio is not included). Second, some information is not
complete (e.g. on equipment lists and energy requirements for the equipment
used). Finally, basic data on geology or coal quality are very often incon-
sistent and/or contradictory within the same report. This sheds an unfor-
tunately not too positive light on the quality of the data on the environmental
impacts contained in these reports, on the basis of which decisions about the
acceptability of environmental impacts of large-scale energy projects are
supposed to be made.

Table 5 summarizes the main geological characteristics of the mines in
the US coal basins studied, as well as the mining systems and main charac-
teristics of the mines or groups of mines in these basins. Average seam
thicknesses vary from about 1.2 to 21.9m, overburden thicknesses from 5.4 to
67m, and overburden to coal ratios from 1.1 to 15.1m3 per tonne of coal
recovered. Generally, all mines are located in extremely favorable conditions
and, even in the Eastern part of the country, in better conditions than are
encountered in most other coal-producing countries.

According to US terminology, the mining systems include the following.

a. Area slripping with draglines. After drilling and blasting of overbur-
den, a first dragline is used to remove a portion of the overburden where
necessary. A second dragline, operating on a bench created by leveling the
spoil from the first machine, is used to remove the remaining overburden and
to rehandle a portion of the initial spoil. The overburden is cast to spoil heaps
occupying the panel mined previously. The top of the coal seam is then
cleaned (by front-end loaders or graders) prior to drilling and blasting. Coal is
then loaded by a shovel in the pit bottom and is hauled by a fleet of trucks.
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b. Contour stripping * with draglines. Alter drilling and blasting of over-
burden, a dragline following the contour of a coal outcrop along a gently slop-
ing hillside removes the overburden. Overburden is cast to spoil heaps occu-
pying the previously mined panel. Coal is then loaded by a shovel into trucks.

c. Area stripping with shovels. Overburden is removed by electric shov-
els, which load it into trucks for transport to mined-out pit areas. Coal from
the exposed seam is loaded by a shovel and transported by trucks.

d. Multiple-dipping seam mining. Overburden is removed by shovels or
front-end loaders and a fleet of trucks carries it to waste dump areas. The
equipment operates on a series of benches in a hillside pit. Coal is then
loaded by front-end loaders into trucks.

e. Mountain-fop removal. Overburden is removed by shovels or front-
end loaders and transported by trucks, all operating on a mountain top or
ridge. Coal operations are carried out by a front-end loader in the pit bottom
and haulage is by a fleet of trucks.

Further analysis in this section takes into consideration the manpower,
energy, and material consumption and the natural resource requirements.
In addition, some cost data** will be discussed; naturally, cost information is
much more likely to be affected by unpredictable factors than are the physi-
cal resource requirements thernselves. Data on requirements are mainly
considered for the operational period of a mine. Data for the construction
period are usually more scarce and were analyzed only when sufficient data
were available. All quantities are given in metric units.

Manpower Requirements

Manpower requirements for US opencast mines considered in the
analysis are summarized in Table 6. Personnel employed for operation and
maintenance range from about 24 to 316 persons per million tonnes of clean
coal produced annually (including coal preparation). The average for all US
opencast mines recorded in the Coal Mines Data Base is 134 persons per mil-
lion tonnes produced annually. [f we assume 230 working days per person per
year, this corresponds to a labor productivity of 32.4t per man-shift. The
manpower requirements of the mines in the CMDB can be considered as quite
representative for the coal-mining industry of the USA, where in 1981 the
average labor productivity at opencast mines was 27.4t per man-shift. The
highest average labor productivity at US opencast mines was achieved in
1973, with 33.4t per man-shift.

Operational personnel account for approximalely 70% of total manpower
requirements, while the remaining 30% are involved in maintenance of equip-
ment. Manpower requirements depend very closely on geological and

*A special mining system also in use in the US4, as well as in Australia, is auger mining, usual-
ly associated with contour strip mining. It is commonly utilized to recover additional Lon-
nages after the stripping ratio has became too great to be economical. Augers extract coal by
boring horizontally into the seam; some augers are as much as 2m in diameter and are drilled
over 60m into the hillside.

**All cost data in this section were ariginally in different currencies and from different years,
and have been converted to US$(1975) values. Appendix D gives Lhe conversion rates used.
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technological conditions. As the overburden to coal ratio increases, man-
power requirements also increase. Table 7 shows the manpower requirements
for the various mining and preparation operations in selected mines.

Overburden operations account for approximately 45% of the total man-
power requirements in opencast mines. It is this part of the total that is most
variable (within the group of mines considered in Table 7 it varies by as much
as a factor of 14). The most influential factors relate to the technology
deployed for overburden operations (overburden transport by trucks is partic-
ularly labor-intensive) and the overburden to coal ratio.

Labor requirements for coal extraction operations constitute only
around 10% of total labor requirements. Coal handling and preparation
account for about 25%, and administration for about 17%. Crews working on
land reclamation are quite small.

Manpower requirements vary considerably between regions and basins.
On the one hand, labor productivity in the Western USA is about twice that in
the Eastern region, reaching 76t per man-shift. On the other hand, Western
coal does not have such a high calorific value. Therefore, if one considers the
labor requirements per tonne of coal equivalent (1tce = 29.3MJ or 7 Geal) the
difference is somewhat smaller. For an annual energy production of 108tce
clean coal (including coal preparation), 33 to 138 persons (the average being
71.4) are required in the Western coal provinces and 109 to 159 (average
131.4) in the Eastern and Interior regions. Mountain-top removal and
multiple-dipping seam mining systemns have labor requirements of up to 387
persons per 1081ce, but these mining systems, which are deployed in special
geological conditions, cannot be compared directly with conventional area-
stripping methods.

On the whole, labor requirements connected with opencast mining are
very moderate. If the United States wanted to produce 10%t of coal per year
from Western opencast mines, not more than 80 to 100 thousand people would
be required. On a general scale this does not appear extravagant or impossi-
ble. However, if the program were to be carried out in the rather thinly popu-
lated Western areas considerable capital and material input would be required
to create an appropriate infrastructure, to support not only the working
population but also the additional population induced to live in these areas.
Examples such as the tar sand development in Athabasca, Canada demon-
strate the scale and difficulties, as well as the potential sociological problems,
created by the rapid increase in population of formerly practically uninhab-
ited areas.

Energy Requirements

Opencast mines consume two main kinds of final energy, namely
electricity and diesel fuel. The quantities and relative amounts of these
energy types depend on the technologies used for overburden operations and
on the overburden to coal ratio. Draglines and conveyors consume electricity,
while tractors, front-end loaders, and trucks use only motor fuel.

Electricity consumplion is not very high in the opencast mines under
consideration; it averages 17.0 kWh/t or 21.9 kWh/tce of clean coal produced
(including coal preparation operations). Table 8 shows clearly iLhal energy
requirements differ widely between groups of mines, and that there is a
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correlation of electricity requirements with the overburden to coal ratio. As
this ratio increases from around 2 to 15 m3/t, electricity consumption rises
proportionately from around 9 to 37 kWh/t clean coal produced. In multiple-
dipping seam and mountain-top removal mining, electricity requirements are
two to three times lower than for other mining systems, since most of the
operations are carried out by diesel-powered equipment.

It is also of interest to consider the relationship between electricity con-
sumption and labor requirements in order to see whether electricity-
intensive systems (which generally use larger equipment than diesel-powered
systems) use more or less labor. Within the same system of mining (e.g. area
stripping with draglines) both electricity and manpower requirements evolve
in the same direction because of their common dependence on the overbur-
den to coal ratio. However, if different mining systems are compared, it is
not apparent that electricity intensiveness also means labor intensiveness.
The relationship between these two variables depends on the stage of develop-
ment and on the general efficiency of the technological system. Improved
technology usually implies the substitution of large-scale, electrically driven
machines for labor.

Conversely, systems with small electricity consumption, such as those
using diesel-powered tractors or front-end loaders, are more labor-intensive
(by as much as a factor of 2). The reason for this is the smaller size of the
diesel equipment used for overburden operations compared with electrically
powered equipment. Table 9 presents the distribution of electricity consump-
tion by type of mining operation for the main mining technologies used in the
USA.

More than half of all the electricity used in opencast mines is consumed
in overburden operations. Most of the rest is used for coal preparation. Other
operations, including extraction of coal, are mainly based on other forms of
energy.

Diesel fuel consumption in opencast mining operations depends on the
type of technology used for overburden removal. Considerable voluimes of
motor fuel are consumed by tractors, front-end loaders, and trucks, whereas
draglines do not need motor fuel. For area stripping with draglines, the fuel
consumption ranges from 0.3 to 1.8 liters per tonne of coal. More than half of
this amount is used for coal loading and hauling, and about 15% is consumed
by reclamation equipment. For systems based on tractors and trucks for
overburden operations, specific diesel fuel consumption reaches up to 19.5
1/t. Fuel consumption data for two mining systems are shown in Table 10.

Mining systems that have disproportionately high diesel consumption
(e.g. systems in which overburden operations are carried out with trucks and
other diesel-powered equipment) also have disproportionately high energy
consumption. The main reason for this is that diesel engines have an end-use
efficiency (ratio of final energy (e.g. diesel or electricity) to useful (i.e.
mechanical) energy) that is three times lower than that of electric motors. A
second observalion is that energy requirements are quite strongly correlated
with the overburden to coal ratio, because of the high share of overburden
operations in the overall energy requirements. Finally, if cne looks at the
energy efficiency of the coal-mining process, the overall energy require-
ments, as presented in Table 11, appear to be rather low: generally, they do



45

‘(LL61) "dU] Yel[) 10n[4 :90100§

e 98 €8 e oLl 6'¢l £el €01 [B10],

- - - — - - — UOBIISIUTWPE

pue [2IaUDN)

S'L S'L S'L S'L S'L S'L VL S'L uoyeiedaid pue

Burpuey jeo)

90 - 0 80 S0 0 0 0 23emney pue

3uipeo] o)

- - - - 10 1o 1o - Sunsejq pue

BuyHp [20)

81T - - L'LT '8 9 v's 1T [BAOWR] UopINgIaAQ

Tl 'l 90 't 0 €0 - €0 3unselq pue

Sui[up uapingioaQ
sourjelp yym Suunw wess syoni) pue
Surddins [eAowas Surddip S[OAOYS YIIMm

nojuo) doj-uteyunopw -ardnnp soutfSesp ypm Suiddins eary Juiddins eary wIsAs Furupy
oo eIUTSITA 1S0M I0ATY s19U10) Nyt uorun BETAN |

‘enyoejeddy ‘eryoefeddy udaiIn) SIOUT[[I noyj SEX9], 1O lapmod uiseg

*(Te00 uBaP 1/ym) seur Jseouado §n) Pa3dafas ut uonesado Jurutwr Aq uondunsuod A1p11239)0 Jo uoungqIsKy 6 J14V.L



46

TABLE 10 Fuel consumption for two systems of opencast mining in the USA (liters/t

clean coal).

Mountain-top removal
(Appalachia, West Virginia)

Mining and Area stripping with

preparation operations draglines (Texas Gulf)

Overburden drilling

and blasting 0.08 0.04
Overburden removal 0.11 17.49
Coal loading and haulage 0.64 1.51
Coal handling

and preparation 0.08 0.08
Reclamation 0.19 0.15
General and

administration 0.08 0.23
Total? 1.17 19.49

?Totals may not add because of rounding errors.

Source: Fluor Utah Inc. (1977).

TABLE 11 Energy requirements of US surface mining systems.

Mining system Overburden to coal
ratio (m?/t)

Total final energy?
requirements
(kWh equivalent
per tonne of clean

(Final) Energy
requirements as
percentage of
heat content of

Primary energyb
requirements as
percentage of heat
content of coal

coal) coal produced(%) produced (%)
Area stripping
with draglines
or shovels 2-5 19.0-50.5 0.31 -0.95 0.82-2.16
3.0)¢ (28.3)¢ (0.53)¢ (1.41)¢
10-15 31.8-57.0 041-0.74 1.15-2.11
(14.5)¢ (44.4)¢ (0.57)¢ (2.04)¢
Contour stripping
with draglines 10.45 61.1 0.75 20
Mountain-top
removal 11.0 2156 2.62 5.37
Multiple-dipping
seam mining 6.4 161.4 2.44 5.04

¢For diesel fuel a thermal equivalence of 1 liter = 38.5 MJ = 10.7 kWh equivalent was used.

bt is assumed that diesel fuel and electricity are produced from coal with conversion efficiencies of 50 and

30%, respectively.
¢ Average for the mines analyzed.
Source: Coal Mines Data Base, ITASA.
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not exceed 57 kWh equivalent per tonne of coal produced, that is, the energy
consumed represents less than 1% of the energy produced (the comparison is
made on a thermal equivalent basis). If one assumes that the required energy
is produced entirely from coal, with average conversion efficiencies of 30% for
electricity generation and 50% for synthetic diesel fuel, the energy require-
ments of the coal-mining process would still not exceed 2% of the energy pro-
duced. Even in the worst case — that of mountain-top removal — the final
energy required represents 2.5% of the energy produced. If the total energy
requirement were produced from coal, the primary energy requirements
represent slightly more than 5% of the energy content of the mined coal. This
demonstrates that, even under the most unfavorable conditions, the energy
balance of the coal-mining process is extremely positive.

Material Requirements

A great variety of materials are needed for coal mining, some of the
most important being explosives, tires, and spare parts for equipment. The
large number of different items explains why very few data on physical quan-
tities are available. Therefore, material requirements could be considered for
this report only in terms of cost. The costs presented exclude those of fuel,
electricity, and other services, which are dealt with in physical quantities in
the framework of the WELMM analysis. Material costs vary considerably within
the different systems of mining, as shown in Table 12, and typically range
from around 0.9 to 2.2US$(1975) per tonne of clean coal produced (i.e.
including coal preparation). TFor 1mnultiple-dipping seam mining and
mountain-top removal mining, material costs are considerably higher. Tires
and explosives account for around one-third of the total material costs, the
remainder being mainly costs of spare parts. Material requirements also
depend on the overburden to coal ratio because of the high share of overbur-
den operations in the total material expenses (see Table 13). For area and
contour stripping, overburden operations (drilling, blasting, and removal)
account for around 50-70% of the total material expenses*. For multiple-
dipping seam and mountain-top removal mining, overburden operations
account for 80 and 867%, respectively, of the total material costs.

Water Requirements

In surface mines most water is used by water trucks for road haulage
maintenance and dust control. The water consumption is not very significant,
being generally only around 0.1m?3 per tonne of coal produced. However, in
some cases overburden operations can drastically disturb underground water
flows.

Extreme examples such as the giant lignite mines in the Federal Repub-
lic of Germany illustrate this: in order to carry out mining operations at
depths of up to 400m, the lowering of the groundwater table requires the
pumping of 12 tonnes of water per tonne of coal mined. Another exarmnple is
provided in the case of brown coal mining in the German Democratic Repub-
lic, where the national average is 6 tonnes of water pumped out per tonne of

*All costs in this section have been converted to US$(1975) values. Appendix D gives the
conversion rates used.
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TABLE 12 Costs of materials? for different mining systems in the USA ($(1975)/t clean
coal).

Mining system Total cost Tires Explosives

Area stripping 0.35b-227 0.07-0.1 0.06-0.72

with draglines (1.05 average) (0.08 average) (0.28 average)
8%) (27%)

Area stripping with 0552132 0.05%-0212 0.23-0.31

shovels and trucks (0.86 average) (0.11 average) (0.26 average)
(13%) (30%)

Contour stripping

with draglines 221 0.14(6%) 0.59(27%)

Multiple-dipping

seam mining 3.84 0.67(17%) 0.41(11%)

Mountain-top

removal 5.59 0.95(17%) 0.98(18%)

2 Costs exclude those for fuel, electricity, and other services, which are dealt with in terms
of physical quantities in this report.
Figures probably underestimated by a factor of 2 by original data source (Katell et al.
1976a).

Source: Coal Mines Data Base, IIASA.

TABLE 13 Distribution of material costs? for selected surface mining technologies in the USA ($(1975)/t clean
coal).

Area stripping with:

Contour Multiple- Mountain-top
draglines  shovels stripping dipping removal
and trucks  with draglines  seam mining

Overburden to coal ratio (m3/t) 3.2 24 10.45 6.4 11.0
Overburden drilling and blasting  0.19 0.21 0.66 0.45 1.03
Overburden removal 0.21 0.71 0.83 2.58 3.78
Coal drilling and blasting ~0 0.06 0 0.01 0

Coal loading and haulage 0.17 0.11 0.35 036 0.35
Coal handling and preparation 0.18 0.19 0.27 031 0.28
Land reclamation 0.03 0.01 0.06 0.01 0.02
General and administration 0.02 0.04 0.03 0.11 0.09
Total cost of materials? 0.86 132 2.21 3.84 5.59

2 Excluding fuel, electricity, and other service costs.
bTotals may not add because of rounding errors.
Source: Fluor Utah Inc. (1977).
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coal produced. This totals to nearly 2 - 10%t of water pumped out annually, or
approximately 20% of the total available water resources of the country.

However, the amount and extent of such impacts depend on local
specific hydrological characteristics and, since there is considerable varia-
tion between individual mining areas, they cannot be compared.

Land Requirements

The most serious environmental impact of opencast mining is undoubt-
edly the temporary destruction of the land surface. The area of the land dis-
turbed is larger than simply the horizontal projection of the area of the coal
seam mined. The factors determining the amount of land disturbed are well
known and can be estimated using formal engineering methods. On the one
hand, land disturbance increases in proportion to the depth at which mining
operations are carried out. In addition, the type of overburden determines
the slope of the highwall and thus also the land requirements. On the other
hand, seam thickness, coal density, and the dip of the seams are negatively
correlated with the area disturbed. The system of opencast mining and the
characteristics of the equipment used do not have a great influence on the
area initially disturbed.

For the US surface mines in the Coal Mines Data Base, total land distur-
bance amounts to about 50km? per year for a total coal production of about
180 million tonnes per year, or about 0.28 km? per million tonnes of coal pro-
duced. The annual land disturbance per tonne of coal mined for the various
US coal basins is presented in Table 14.

TABLE 14 Land disturbance by surface mines? in the USA.

Region/Basin Land disturbance Average seam
(m? /t) (m? [tce) thickness (m)

Eastern:

Appalachia 0.68%(0.58-0.78) 068%(0.58-0.78) 125(1.17-1.22)

Hypothetical 0.46 0.43 1.8

Interior:

Hlinois ~0.70 0.73%(0.73-0.74) 1.5%(122-1.8)

Texas Gulf 0.30 0.55 3.0

Western:

Four Corners 0.22%(0.22-0.23) 033 6.12(3.66 -7.0)

Fort Union 0.18%(0.11--0.25) 0.322(0.2- 0.45) 56%(3.66--7.62)

Green River 0.26 032 S8

Powder River

Hypothetical

0.22%(0.03--1.44)

0.46

0.312(0.04--194)

0.60

n.a. (up to 21.9)

1.8

?Values presented in ranges may not always correspond to the same mines.

bWeighted average.
Source: Coal Mines Data Base, [IASA.

American surface mines generally operate at very shallow depths. As
shown in Table 14, the large thicknesses of the seams mined in the Western
United States result in moderate land disturbance compared with mines in
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the Interior or Eastern coal-mining provinces. For example, a mine in the
Powder River basin that exploits a coal seam around 15m thick causes a land
disturbance as low as 7ha (7 - 10*m?) per million tonnes of coal mined. The
thinner coal seams prevailing in the Eastern part of the USA result in land
disturbances about three times as high as in the Western region. If one con-
siders, however, that the coal mined in the Western USA is of subbituminous
rank and therefore of lower calorific value than the coal mined in the Eastern
part of the country, the land disturbances per tonne of coal equivalent in
Eastern coal mines are twice as high as those in the Western part of the USA.

All the land disturbed during mining operations can and should be
reclaimed. New opencast mining projects in the United States now include
obligatory land reclamation; a carefully planned set of operations must be
worked out to restore the land to at least its original quality. In this context,
other positive aspects of land reclamation should be noted, such as upgrading
of soil and improved land management.

Operating and Production Costs

Table 15 presents typical direct operating costs and their distribution by
mining operation for selected surface mining technologies. For conventional
area-stripping methods, direct operating costs* vary from 34 to
7.638(1975) /t clean coal produced. As the overburden to coal ratio increases,
the share of overburden operations in the total operating costs rises to 45%.
Hence, the overburden to coal ratio has a strong influence on the operating
costs. Mining technologies that are used to exploit coal in a more complicated
geological bedding have, of course, much higher operating costs, reaching
more than 18%(1975)/t clean coal produced. In this case, overburden opera-
tions can account for over 70% of the total operating costs. Direct operating
costs typically constitute about 80% of the total production costs (including
depreciation and interest), except for multiple-dipping seam and mountain-
top removal mining, for which the share is about 90%. Total production costs
range, therefore, from 4.43 to 9.96$(1975)/t clean coal for conventional
area-stripping methods, and can reach 17.71 and 20.97%(1975)/t clean coal
for mulliple-dipping seam and mountain-lop removal mining, respectively.

Table 16 presents a rnore detailed breakdown of production costs for
selected surface mining technologies in the USA. lixpenses for manpower and
materials each represent typically about 307% of the total produclion costs.
For multiple-dipping seam and mountain-top removal mining, manpower
expenses can reach 38% and rnaterial expenses 35% of the total production
cosls. The rest of the production costs are made up by miscellaneous
expenses, equiprnent costs, depreciation (typically around 15% of the total
production costs), and interests (ranging from 4 to around 10% of the total).

Whereas discussion of the WELMM requirements and costs has thus far
concentrated on the operational requirements, those for the initial mine con-
struction period should also be mentioned. These data are, of course, not
relevant for the planning and analysis of operating mines but are important

*All costs have been converted to US$(1975) values. Appendix D gives the conversion rates
used.
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in considering the Jong-term perspectives of coal mining, especially for iden-
tifying possible bottlenecks in the availability of certain critical resources,
such as manpower or equipment, for the increase and/or replacement of
existing mine capacities. To date, however, it has not been possible to gather
sufficient information on natural resource (WELMM) requirements for the con-
struction period. The general availability of information on mining in the
USA makes data collection on this topic difficult. At best, information on man-
power requirements and some equipment is available, but data in the Coal
Mines Data Base to date are too sketchy to allow a detailed discussion of con-
struction resource requirements. However, the importance of this problem
has been considered and is, among other things, reflected in the greater
number of parameters for the construction period of a mine as well as in the
introduction of a special equipment file (including detailed equipment
identification, manufacturer’s name, capacity, and working weight) in the
CMDB. It is hoped that in future US studies (e.g. the obligatory Environmental
Impact Statements) more attention will be devoted to studying resource
requirements for the construction of new mines. In view of the lack of data
this report will concentrate on the construction investments for US surface
mines only.

Investment Costs

Total investment costs* for US opencast mines in the Coal Mines Data
Base range from 4.7 to 31$(1975) per tonne of raw coal produced annually
(excluding the investments for coal preparation facilities). When the costs of
coal preparation facilities are included, total investment costs range from
16.4 to 34.6 8(1975) per tonne of saleable coal (considering only those mines
for which original data, including coal preparation data, were available). The
estimates as presented in studies by the US Bureau of Mines (Katell et al.
1976a) and the Bechtel Corporation (Stanford Research Institute 1975, Hogle
et al. 1976, Bechtel Corporation 1978) are generally significantly lower than
the estimates from other references for mines under similar conditions. The
main reason for this underestimation of investment costs is that, in the stud-
ies mentioned, detailed local deposit characteristics were not taken into
account and the eslimates therefore represent "minimum' values.

In order to minimize biases stemmming from comparisons of investment
values based on different financial assumptions, only the direct construction
investments, including premining and infrastructure expenses, were com-
pared for the structural analysis. Typically, about 80% of the tolal direct con-
struction investment is spent on equiprnent and on facilities for coal han-
dling and preparation (breaking and sizing, blending, and stockpiling). An
additional 13% is spent on establishing the appropriate infrastructure (roads,
and water and electricity supply systems) and buildings; the remaining 7% is
used for premining expenses (exploration drilling, engineering fees, Environ-
mental Impact Statements, elc.). A typical breakdown of direct construction
investments is presented in Table 17 for a surface mine in the Texas Gulf coal
basin.

*All costs have been converted to US$(1975) values. Appendix D gives the conversion rates
used.
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TABLE 17 Typical distribution of total and direct construction investments for a
surface mine in the Texas Gulf basin.

Mining operations Investment Percentage of Percentage of
($(1975)/t total direct total
clean coal) investment (%)  investment (%)

Overburden operations 264 188 158

Coal loading and hauling 0.94 6.7 5.7

Coal handling and

preparation 7.36 52.5 44.1

Land reclamation 0.35 25 2.1

Premining and

construction of facilities 2.74 19.5 16.4

Total direct investment 14.03 100 84.1

Total interests 266 - 159

Total investment 16.69 — 100.0

Source: Fluor Utah Inc. (1977).

Investments for overburden equipment are closely connected with the
amount of waste rock removed. In fact, the specific value of such investments
(i.e. per tonne of annual coal output) changes in nearly direct proportion to
the overburden to coal ratio.

The amount and cost of equipment for mining and preparation of the
coal, in contrast, are independent of the volume of overburden removed. The
cost of this equipment depends partly on the characteristics of the mined
coal, such as its density and quality, and, more importantly, on the type of
technology used for these operations. For a given technology, specific invest-
ments for particular items of coal-mining equipment are practically constant
for all mines, whereas they differ considerably for different types of technolo-
gies. For instance, the costs of equipment for coal mining and preparation
range from 8.4 to 9.5%(1975) per lonne of clean coal production capacity
when area stripping with draglines is employed, but these costs can be nearly
twice as high for other technologies used in the USA, such as contour strip-
ping, mountain-top removal, or multiple-dipping seam mining. Land recla-
mation equipment costs are influenced by the geometric parameters of the
mine, but in total these costs are not high: not more than 0.1—1.08(1975)/t
clean coal. The remainder of the direct construction investments for build-
ings and related facilities, infrastructure, and premining is fairly constant for
all mines, the typical range being 23-31 - 1063(1975) per mine. Table 18
presents more detail and summarizes the discussion on investment costs for
selected surface mines in the USA.
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4.1.1.2 Opencast Mines in the USSR

Approximately 275 million tonnes* of coal were produced in 1981 by sur-
face mines in the USSR. Around half of this quantity was brown coal. The
share of surface-mined coal in the total coal production of the country has
been steadily increasing, from 20% in 19860 to over 7% in 1970, and is
currently nearly 40%, and will continue to increase in the future.

The demonstrated strippable coal reserves in situ amount to about 40%
of the total coal reserves, as shown by Table 19. For brown coal, strippable
reserves represent as much as 70% of the total reserves. Most of the reserves
are situated in the Asian part of the country; it is also here that vast, almost
unexplored coal occurrences are known to exist {e.g. the Lena, Tunguska,
Taimyr, and Yakut basins), although the difficult clirnatic conditions {winter
temperatures below minus 60°C, and permafrost) are very likely to limit the
application of surface mining technologies in the near future. The most
important regions (i.e. those with high percentages of reserves) are the
Kansk—Achinsk and Kuznetsk basins and the Ekibastuz deposit. The foremost
of these is the Kansk—Achinsk basin in Western Siberia, which accounts for
70% of the total strippable coal reserves in sifu. Geological conditions are
extremely favorable: the main seam is 50m thick or more, and the overbur-
den to coal ratio usually does not exceed 3.5m3/t. Coal strata are undis-
turbed, with flat bedding underlying soft rocks. Hydrological and climatic
conditions (continental) are more complicated. Large-scale development of
this coal basin startéd quite recently and the long-term development pros-
pects are impressive: in principle, the maximum production for this basin
could reach 109t per year.

The Kuznetsk basin, or Kuzbass, contains an estimated 9.2 109t of
demonstrated strippable hard coal reserves. The coal is bituminous and of
high quality, unlike the lignite in the Kansk—Achinsk basin. However, a major
share ol these reserves is located in highly disturbed, steep bedding seams.
There are also some other large deposits (e.g. the Erunakovkoye deposit) con-
taining a large number of thick and relatively undisturbed coal seams. The
climate is continental and, in the southern part, less severe. Mines in opera-
tion are smaller than they are in the Kansk—Achinsk basin. The average over-
burden to coal ratio and resulting production economics are less favorable.

The Ekibastuz deposit in Kazakhstan is one of the most important in the
USSR. Bituminous (hard) coal reserves (7.4 - 10%t) are highly concentrated
and very large mines are in operation. The coal seam thickness sometimes
exceeds 100m. Currently the overburden to coal ratio is no higher than 3.5
m3/t.

The mining technologies applied differ from those employed in the USA.
Coal-mining and stripping operations are carried out in all mines and basins
in the USSR by excavators, about two-thirds of which are power shovels and
nearly one-third walking draglines. Although the number of bucket-wheel
excavators is small, they were used in the mining of 31% of the coal produced
by the opencast method in 1975.

About two-thirds of coal produced is transported by pit railway, one-third
by truck, and 10% by conveyors and other modes. In stripping operations 35%

*Tonnes (metric tons,t) are used throughout this report.
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TABLE 19 Demonstrated strippable coal reserves in situ in the USSR (10°t).

Region/Basin Hard coal Brown coal Total
European USSR, including Urals — 2.2 22
Kazakhstan, including Ekibastuz and

Karaganda basins 7.8 7.3 15.1
Kuznetsk basin (Kuzbass) 9.2 13 10.5
Kansk—Achinsk - 119.6 119.6
Minusinsk 38 — 38
Tunguska and others in Krasnoyarsk area 0.7 - 0.7
Eastern Siberia, including Lena, Taimyr,

and Yakut basins S0 4.7 9.7
Far East 0.1 35 3.6
Total strippable reserves? 272 139.2 166.2
Total coal reserves 220.0 200.0 420.0
Total coal resources 5,182.5 3,287.0 8,669.5

4 The totals include smaller deposits not accounted for in the regional breakdown.
Sources: Kuznetsov et al. (1971) and Astakhov (1977a).

of the overburden is transported by rail and 21% by truck, and 37% is dumped
directly.

Four opencast mines of the USSR are recorded in the Coal Mines Data
Base. Since all of them are still in the project/development phase, the data
cannot be considered absolutely accurate, although they are fairly reliable
estimates. A wide range of geological conditions and resulting mine technolo-
gies and capacities characterize the mines, which are located in the different
coal regions/basins, including the Kansk—Achinsk, the Ekibastuz, and the
Kuznetsk (flat and steep bedding seams). Because of the different geological
conditions (Table 20), the quantitative data describing each mine cannot be
averaged or compared directly and should therefore be discussed separately.
The mines all have very large capacities of up to 60 million tonnes per year —
considerably higher than US mines. In addition, the overburden to coal ratio
does not exceed 3.3 m3/t, i.e. the operating conditions are better than in
most of the US mines. In general, the Kansk—Achinsk and Ekibastuz mines
cannot be compared with US mines because of technological differences, such
as the use of bucket-wheel excavators and belt conveyors. In addition to the
four mines included in the CMDB, supplementary data on operating mines,
based on statistics of the various coal-mining enterprises, have been con-
sidered.

Manpower Requirements

Manpower requirements estimated for the four mines are presented in
Table 21. Coal operations do not require more than 16% of the total man-
power. The share of overburden operations is higher: up to 27% when high-
capacity bucket-wheel excavators are used and up to one-third of the total
manpower requirements when shovels and trucks/conveyors are used for
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stripping operations. The remaining manpower requirements are for
numerous auxiliary operations (infrastructure, repairs, etc.) and are mainly
dependent on the mining technology used, not on the deposit geology.

TABLE 21 Manpower requirements of four opencast mines in the USSR (persons per 10° t raw coal per year).

Mining operation Kansk— Ekibastuz Kuzbass mines

Achinsk mine mine Flat Steep

bedding bedding

At coal benches 13 42 16.9 n.a.
At overburden benches 3.7 39 15.2 na.
Coal transportation 39 48 9.0 n.a.
Overburden transportation 2.3 11.1 29.0 n.a.
At dumps 2.8 2.1 8.2 na.
Land reclamation 0.4 - 8.9 n.a.
Energy supply systems 9.7 2.6 5.4 n.a.
Water drainage 3.1 04 2.4 n.a.
Repairs 82 12.4 43.7 n.a.
Other operations 6.1 8.6 9.3 n.a.
Subtotal® 415 50.3 148.0 91.5
General and administration 5.5 12.5 12.0 15.0
Total mine personnel 47.0 62.8 160.0 106.5
Total manpower requirements
per 10% tce produced annually 87.7 112.7 188.9 118.3

%Totals may not add because of rounding errors.
Source: Astakhov (1977b).

Energy Requirements

Energy requirements are summarized in Table 22. In general, these are
lower than for US mines, for two reasons: the overburden to coal ratios are
lower, and the mines are larger and use giant equipment (e.g. bucket-wheel
excavators). Also, the energy requirements for the mines using conveyors
and/or locomotives for overburden and coal transport are considerably lower
than for mines that use trucks. If steeply dipping or faulted seams are
mined, the total energy requirements are comparable to those of mines in
the USA that are worked under similar conditions. However, even in this case
the net direct energy balance is extremely positive: if it is assumed that all
ancillary energy requirements are produced from coal, the total direct
energy requirements do not exceed 8% of the energy produced, i.e. one tonne
of coal produced and converted to electricity and diesel is sufficient to satisfy
the energy requirements to produce 17 tonnes of coal.

Material Requirements

Material requirements estimated for the mines are presented in Table
23. The structure of these expenses depends on the system of mining and
transportation used. If trucks are used, tires account for a considerable
share of these expenses; if conveyors are used, conveyor belts also constitute
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TABLE 22 Energy requirements per tonne of raw coal produced for four opencast mines in the USSR.

Energy requirements Kansk— Ekibastuz Kuzbass mines

Achinsk mine mine Flat Steep

bedding bedding

Electricity consumption (kWh/t) 17.3 8.7 6.1 29.5
Motor/diesel fuel consumption (1/t) 0.17 0.15 42 4.33
Other energy requirements (e.g.
coal autoconsumption ) (tce/100 t) 0.72 0 0 27.0
Total final energy requirements
(kWh equiv./t)? 25.0 10.3 51.0 295.6
Total primary energy requirements:
in tce/t? 0.008 0.004 0014 0.051
as percentage of energy produced (%) 1.5 0.7 1.7 5.7

? Thermal equivalence: 1kWh = 3,600 kJ.

b1t is assumed that electricity and motor fuel are produced from coal with conversion efficiencies of 30% and
50%, respectively.

Sources: Astakhov (1977b) and Coal Mines Data Base, IIASA.

a major expense. Spare parts and repair materials are important items too.
The cost of explosives and blasting agents is rather high at mines where over-
burden drilling and blasting are required. In addition, the specific material
costs also depend to a large extent on the type of mining system used, espe-
cially when highly faulted or steep seams are mined: the total material cost
can be up to a factor of 2 higher than for mines using the same technology
but exploiting flat seams with regular bedding.

TABLE 23 Costs of materials for four opencast mines in the USSR (roubles(1975) per tonne of raw coal
produced)?.

Type of requirement Kansk— Ekibastuz Kuzbass mines
Achinsk mine mine Elat Steep
bedding bedding

Explosives 0.03 0.02 0.12 0.27
Blasting agents 0.01 0.01 0.03 0.05
Drill rods - - 0.03 0.01
Sleepers - 0.01 0.02 -
Tires - - 0.02 0.18
Spares and repair materials 0.06 0.05 0.11 0.22
Lubricants and cleaning materials 0.01 0.02 0.08 0.11
Conveyor belting 0.04 - = 0.02
Other materials 001 0.01 0.06 0.09
Total 0.16 0.12 0.47 095

2 All costs have been normalized to common base-year (1975) values (see Appendix D). It is not possible to
present a definitive conversion factor for nonconvertible currencies. The exchange rate proposed and used in
this study is 1 US$ =0.7 rouble or I R = 1.43US $(1975), which roughly corresponds to the official exchange
rate.

Source: Astakhov (1977b).
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Environmental Impacts

Environmental impacts are summarized in Table 24 for the four USSR
mines being considered. Land requirements and waste rock (overburden)
produced are considerably less than for US mines, owing to lower overburden
to coal ratios and larger seam thicknesses {(up to 55m average thickness).
Unlike US mines, those in the USSR do not always carry out land reclamation
in the course of mining operations. In the Kuzbass mines recultivation is
planned for 20—40 years after the start of mining operations. For the Ekibas-
tuz mine the time lag is about 10 years. Only for the Kansk—Achinsk mine is
it planned to recultivate the disturbed area immediately after mining opera-
tions.

TABLE 24 Selected environmental impacts of four opencast mines in the USSR.

Type of impact Kansk— Ekibastuz Kuzbass mines

Achinsk mine mine Flat Steep

bedding bedding
Waste rocks mined and disposed of
(tonnes per tonne of raw coal
produced annually) 4.17 2.7 9.1 5.37
Water inflow (liters per tonne of
raw coal produced annually) 106.6 49 204.4 n.a.
Water consumption (liters per tonne
of raw coal produced annuaily) 70 1.1 55 n.a.
Land disturbed (m? per tonne of
raw coal produced annually) 0.018 0.014 0.049 0.056
Land recultivation measures Simultaneous After After 20— After
10yr 40 yr 20 yr

Sources: Astakhov (1977b) and Coal Mines Data Base, [1ASA.

Production Costs

Production costs for opencast mines in the USSR are four to six times
lower than for conventional underground mines. Overburden operations usu-
ally account for a large share of total operational expenses. In the
Kansk—Achinsk basin, production costs generally do not exceed 2 roubles
(1975), or about 3US$(1975), per tonne of raw coal produced. Table 25
presents the distribution of operating costs for a mine working in the
Kansk—Achinsk basin with an annual output of 8 million tonnes of raw coal.
The overburden to coal ratio is about 1.5 m3/t; coal and overburden are
transported by rail. Of the total operating costs, manpower accounts for only
0%, 13% of the expenses go on materials, and 6% on power and energy; 20%
are accounted for by depreciation.

Resource Requirements for Construction

Resource requirements for construction of the four opencast mines
studied are summarized in Table 26. The total construction period ranges
from seven to eight years. Mines in the Kansk—Achinsk and Ekibastuz basins
start producing coal in the first year of construction, whereas in the Kuzbass
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TABLE 25 Distribution of operating costs for a
typical mine working in the Kansk—Achinsk basin.

Mining operations Percentage of total
operational cost (%)

Overburden operations

Drilling and blasting 32
Overburden removal 132
Transportation 12.7
Dumping 120
Subtotal 41.1
Coal operations

Drilling and blasting —
Coal removal 7.6
Transportation 12.9
Subtotal 20.5
Auxiliary operations 384
Total 100.0

Source: Kamenetzky (1974).

TABLE 26 Resource requirements for the construction of four opencast mines in the USSR.

Resource requirements Kansk— Ekibastuz Kuzbass mines

Achinsk mine mine Flat Steep
bedding bedding

Planned annual mine capacity (10° t

raw coal) 60.0 30.0 300 20.0

Evolution of annual mine capacity

(108 t raw coal) 8/12/40/56/60 8/15/26/30 6/18/30 >1/12/20

Time after mine construction

start-up (yr) 1/2/3/5/6 1/2/3/4 3/6/9 5/8/10

Total construction period (yr) 7 7 8 8

Total leased mine area:

(km?) 50.0 30.6 720 57.0

(m? /t annual capacity) 0.83 1.02 2.4 2.8

Material requirements for construction

(per 10° t annual capacity):

Wood (m?) 40 43 na. 0.3

Field metals (t) 35 1.2 n.a. >0.9

Concrete, cement (m®) 11.0 8.5 na. 43

Reinforced (ferro-)concrete (m?) 100 10.8 n.a. 0.8

Sand, gravel (m?) — 46.7 n.a. 56.9

Source: Astakhov (1977b).
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mines the time lag between construction start-up and first production ranges
between three and five years. Full production is reached in these mines 10
years after the start of mine construction. The material requirements are
primarily for surface installations and buildings as well as for road construc-
tion. Another important requirement is the material (primarily metals) con-
tained in the equipment. Table 27 shows the weight of equipment as well as
the distribution of the total equipment weight per main equipment item for
two projected mines.

TABLE 27 Weight of equipment installed in two opencast mines in the
USSR (tonnes per 10% t raw coal per year).

Items of equipment Kansk— Achinsk Kuzbass mine
mine (steep bedding)

Excavators 0.70 0.55

Dozers 0.04 0.03

Dump trucks - 0.28

Coal haulers - 0.45

Conveyors 0.72 0.30

Drilling equipment 0.01 0.03

Hydraulic mining

equipment (incl. pipes) — 0.68

Transloaders 0.22 —

Stackers 0.29 -

Other >0.16 >0.09

Total >2.14 >2.41

Source: Astakhov (1977b).

Construction Investments

Construction investments are of course closely related to the type of
mining and transportation equipment used at a particular mine. More than
half of the total direct construction investment is spent on equipment and
the installation of equipment. The distribution of direct construction invest-
ments for each type of mining operation (Table 28) shows that overburden
operations account for nearly half of the total construction investment. The
remainder is equally divided between coal extraction and auxiliary opera-
tions, including infrastructure. For mining methods in which the overburden
is dumped directly (i.e. without transport — through a stacker, for example)
the share of equipment investment in the total construction investment is
considerably lower. The distribution of direct construction investments for
the mines under consideration is presented in Table 29. In addition to the
direct construction investments, considerable capital is necessary to develop
the appropriate infrastructure (transportation, housing for workers, etc.),
especially as the most profitable deposits are in rather deserted, undeveloped
areas with a rough climate. These infrastructure investments can amount to
up to 100 million roubles per mine.
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TABLE 28 Distribution of direct construction investments for selected opencast mines in the USSR (as
percentage of total construction investment).

Mining operations Haranovsky Safronovsky Nazarovsky Irsha—
mine mine mine Borodinsky
mine

Overburden operations

Drilling and blasting 04 09 — 0.1
Overburden removal 10.3 44.6 292 183
Transportation 322 — 11.2 19.6
Dumping 6.7 - 4.3 6.6
Subtotal 49.6 455 447 44.6
Coal operations

Drilling and blasting - 0.3 0.1 —
Coal removal 10.4 11.3 103 14.8
Transportation 19.7 12.8 69 14.3
Subtotal 30.1 244 17.3 29.1
Auxiliary operations

Drainage 2.6 1.7 7.1 7.1
Laboratory and quality control 02 — 0.1 0.1
Repairs 0.5 9.6 1.6 0.9
Other operations and services 9.7 4.7 20.8 8.9
Infrastructure 7.3 14.1 8.4 9.3
Total 100.0 100.0 100.0 100.0

Source: Kamenetzky (1974).

TABLE 29 Distribution of direct construction investments for three opencast mines in
the USSR (as percentage of total construction investment).

Items of investment Kansk— Ekibastuz Kuzbass mine
Achinsk mine mine (steep bedding)

Site preparation and

prestripping 4.4 9.9 42
Equipment 414 33.7 36.9
Equipment assembly 6.0 6.2 6.5

Building and installation 6.1 321 423

Other 42.1 18.1 10.1

Total direct investment 100.0 100.0 100.0

Total direct investment in

roubles (1975) per tonne of

raw coal production capacity

installed 9.2 8.1 8.4

Source: Coal Mines Data Base, [IASA.
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4.1.1.3 Opencast Mines in Other Countries: Fxamples from Ausiria and
Australia

Although the main starting point of the WELMM analysis of coal mining
was to take into consideration mines in the USA and the USSR, data on mines
in other countries also became available in the course of the study, and were
included in the data base. Examples of mines presented in this section are
not as detailed and exhaustive as the data for the USA and USSR, but were
considered worth including in the report.

The Oberdorf opencast mine, Austria. The Oberdorf mine* is in the
Voitsberg—Koéflach coal basin in Southeast Austria. The Tertiary basin is
divided into several partial synclines, of which the Oberdorf syncline, with its
32 million tonnes of recoverable reserves, accounts for about 80% of the
remaining reserves in the entire basin. The geology of the deposit is charac-
teristically Alpine and the mine deposit extends over about 2km?. The coal
formation has a mild to moderate inclination with thicknesses of up to 40m.
Rocks are covered with sands and clays. The lignite has an average moisture
content of 35% and an average ash content of 21%, while the calorific value
varies between 8,290 and 12,480 kJ/kg raw coal. The coal will mostly be used
in a coal-fired power plant a few kilometers away.

The projected annual output of raw coal is 1.25 million tonnes. The con-
struction of the mine will require about five years, including prestripping
operations. The average overburden to coal ratio is 4.5 m3 per tonne of coal
produced.

The manpower requirements estimated for the construction period of
the mine are 876 man-years per million tonnes of annual mine capacity,
including 292 manual-technical and 452 manual-nontechnical man-years.
Foremen and engineers account for 32 man-years per million tonnes of
annual capacity. Prestripping involves around 12 million cubic meters of
overburden, which is dumped into old open pits a few kilometers away.
Investment during the construction period will amount to 700 million
AS(1978), i.e. about 560AS(1978) or 26.42US$(1975)** per tonne of raw coal
capacity. Of this, land acquisition and prestripping will account for 281 mil-
lion AS(1978); equipment, mine facilities, and infrastructure will cost 419 mil-
lion AS(1978). The main equipment items include two bucket-wheel excava-
tors (SRs 400), each with a capacity of 3,500 m3 per hour. Overburden and coal
transport is carried out exclusively by conveyors. The total weight of equip-
ment to be installed is 6,250t (about 5t per 103t production capacity).

Table 30 summarizes the operational WELMM requirements for the Ober-
dorf mine. Manpower requirements of 254.4 man-years per million tonnes of
coal produced are distributed as follows: 156 manual—technical and 64.8
manual—nontechnical man-years; foremen and engineers account for 12
man-years. An additional 21.6 man-years are required from other companies,
mainly for the maintenance of equipment. Labor productivity at the mine is
estimated at 11.3 t per man-shift.

*Data are based on Kuckenberger (1979), a questionnaire provided by the mining company,
and field trips to the area.
**Appendix D gives the conversion rate used.



66

Environmental impacts can be summarized as follows. The water inflow
of 0.25m3 per tonne of coal produced is not very important. The surface area
mined out will be reclaimed. The total area reclaimed will be even higher
than the area mined out, since the overburden from premining activities is
disposed of in old opencast mines in the area, which are consequently also
reclaimed.

TABLE 30 Summary of operational WELMM requirements for the
Oberdorf mine, Austria.

Annual Requirements
requirements per tonne of
coal produced
Water inflow (m®) 031 - 10 025
Electricity (kWh) 26.7 - 108 213
Motor fuel (1) 067 - 108 0.5
Coal (tce) 168.7 1.35- 10
Land area disturbed (m?) 71,250 0.06
Solid waste produced (t) 2.5+10° 2.03
Total personnel employed: 318 —
Foremen 27 —
Engineers 5 -
Workers 276 -
Others 10 -

Source: Coal Mines Data Base, [IASA.

The Bowen basin mine, Australia. About 55% of the 1980 total coal production
of Australia was from opencast mines (49.7 - 108t raw coal or 40.5 - 108t sale-
able coal) (Joint Coal Board 1980). The basins with the most important
reserves for opencast mining are the Bowen and Galilee basins in Queensland
and the Gippsland brown coal basin in the state of Victoria. The mine under
consideration is projected for a field in the Bowen basin in Eastern Queens-
land.

The characteristics of the mine are considered typical of a number of
mines to be constructed in Fastern Australia. Coal resources of the field
amount to 270 million tonnes, including 208 million tonnes of technically and
economically recoverable reserves. One out of four seams is to be mined with
a thickness of 33m and a depth of 9-54m. The overburden to coal ratio is 1.3
m3 per tonne of coal produced. Coal mined is of a bituminous, noncoking
grade with a sulfur content of 0.3% and an average calorific value of 27.6
MJ/kg raw coal.

The annual mine capacity is projected to be 5 million tonnes. The area-
stripping method will be used, with 31m3 draglines and 12m3 Bucyrus Krie
coal shovels. Coal and overburden are to be drilled and blasted prior to min-
ing. Total mine personnel employed will be 260; the manpower requirements
are distributed as follows: manual—technical 34.8, manual-nontechnical 6.6,
nonmanual—technical 5.6, and nonmanual—-nontechnical 5 man-years per
million tonnes of coal produced. Total manpower requirements are 52 man-
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years per million tonnes produced, including 3.2 man-years in the prepara-
tion plant.

Overburden produced averages around 3t per tonne of coal; around 0.47
kg ANFO explosives for overburden blasting are required per tonne of coal
produced. The estimated ammonium nitrate consumption for coal blasting is
around 0.23kg/t. Environmental impacts of mining include a water inflow of
0.14m3/t coal produced. About 0.08m3 of this amount is used in the mine
itself mainly for dust control. The land area disturbed over the lifetime of the
mine will be around 12km?. All the disturbed mine area will be recultivated
(graded and revegetated); part of the area lying under the natural drainage
level will become a lake.
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4.1.2 Statistical Analysis of Factors Influencing Natural Resource
Requirements and Economics of Opencast Mining

For the statistical analysis of the computerized data, two software pack-
ages* were implemented that allow interactive, direct analysis of the data
stored in the CMDB. The more important program is for stepwise multiple
linear regression; the second one is for polynomial regression. Specific
values of the resource requirements or costs per unit of output (normally per
tonne of saleable coal) have been used for the dependent variables
throughout the analyses.

Some comment should be made on the number of mines taken into
account for the individual analyses. In general, the policy was to include as
many observations as possible for each regression analysis. For the analysis
of the natural resource requirements, the presence or absence of supporting
data determined the number of observations in each individual regression
analysis. Because of this the number of observations varies. Furthermore,
some of the relationships studied (though not all of them) were different for
the different technologies used in various countries. This is an additional
explanation of why the number of data points taken into consideration for the
various equations is different, but in each case it was motivated by concrete
logical (and technological) considerations.

Finally, an analysis of the various influencing parameters to be taken
into account revealed that the mine output variable is in fact not indepen-
dent of the variables describing the deposit mined (seam thickness and depth
or, in their aggregation, the overburden to coal ratio). In fact, this has
already been discussed in Section 3: the natural conditions of the deposit
determine technical and organizational decisions at a mine, which in turn
influence the intensity of mining operations (i.e. the output per production
unit or per mine), and thus are an additional indirect influence on the
resource requirements (as was illustrated in Figure 3).

Mines operating under favorable deposit conditions (i.e. an overburden to
coal ratio of less than 3rn3/t) are usually also the mines that have higher
than average capacities. This type of relationship, based on the data sample
available for analysis, is represented by the following equation (standard
errors s are shown in italics):

In OR = 2.599 — 0.13'7]?0:C (3)
s (0.932) (0.039)

n =34

RRo:c =0.52

RE.. =027

*BMDP Biomedical Computer Program, P-series, 1977, University of California.
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where*
Og is the annual mine output (108t raw (run-of-mine) coal per
year);
R, is the overburden to coal ratio (ma/t);

oc
R(Rz)index are the (squared) multiple correlation coefficients aiter the
introduction of the variable(s) specified by the index into the
regression equation;
is the number of observations;
s is the standard error of the estimate and of the regression
coeflicients.

This relationship, in its nonlinear form (function f,), is presented graph-
ically in Figure 6. For this type of analysis all available opencast mines,
independent of their location or mining technology, have been taken into
account. For comparison, Figure 8 shows the relationship obtained by analyz-
ing only mines operating under similar economic systems and with similar
(generally quite favorable) types of deposits, i.e. mines in Australia and the
USA (function fy)**. Of course, any given mine capacity is not only
influenced by deposit characteristics but depends also on such factors as
available reserves and demand for coal. Still, because of the nonlinearity of
the relationship between mine output and overburden to coal ratio found for
the available data sample, it is not sufficient to include simply the mine out-
put variable in a particular regression equation (as would be the case if Fig-
ure B showed a linear relationship). Instead, the deviation of the observed
mine size shown in the nonlinear relationship in Figure 8 (i.e. the residuals
from regression equation (3)) will also be considered to test whether it has a
significant influence or offers an improvement on the values predicted from
the linear regression functions presented subsequently.

Operational Requirements

An analysis of the influence of mine size and overburden to coal ratio on
the specific total manpower requirements, excluding coal preparation (per-
sons employed per 108t raw coal produced annually), has first to consider the
results of the previous structural analysis. Because of the particular deposit
characteristics and the resulting mining technology, mountain-top removal
and multiple-dipping seam mining show disproportionately high labor
requirements. Therefore, these two particular mining methods were excluded
from the subsequent analysis.

Another observation on specific manpower requirements is that a wide
range in the data can be observed, even when the influence of the overburden
to coal ratio (for instance) has been taken into account. The reason for this

*Variable definitions, once presented, will not be repeated in the following equations and
flgures. They are summarized in Appendix B.1. The minimum/maximum values of these vari-
ables are presented in Appendix B.2.

**The overburden to coal ratic as the influencing variable passed the 90% significance test,
but the overall fit of the regression function is not as good as that of eqn. (3), with correlation
coefﬁci)ents of 0.45 (0.21 squared) and |t| = 2.55 (n = 27) compared with |f| = 8.51 (n = 34) in
eqn. (3).
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FIGURE 8 Relationship between the overburden to coal ratio and mine output in the
data sample available for analysis.
Source: Coal Mines Data Base, ITASA.

The confidence bands represent a probability of 0.9 that the true mean value of y) for
any X, considered lies within the indicated limits around the predicted value ?k. This
applies to all confidence bands in subsequent figures.
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is that the data base contains information on mines with very different tech-
nologies {e.g. area stripping with shovels and coal transport by trucks, and
mining with bucket-wheel excavators and coal transport by conveyors) as well
as on mines in different countries, with different requirements for (social)
infrastructure, different economic systems, and consequently different
employment policies. (In an extreme case, for example, disproportionately
high labor requirements can be explained by a specific policy of the mining
company to employ as many miners as possible from other mines that have
been closed down in the same area as the newly opened mine.)

Yet, in considering the high share of manpower requirements for over-
burden operations, the overburden to coal ratio still has a significant*
influence on the specific Inanpower requirements, whereas the mine output
does not show a significant influence. If we consider the above-mentioned
nonlinear relationship between mine output and overburden to coal ratio
(including the residuals** from eqn. (3) in the linear regression model for the
specific manpower requirements), the mine output (or, better, any deviations
of the observed output from that expected from eqn. (3)) still does not have a
significant effect on the specific manpower requirements. However, in the
available data base, mines with giant capacities (where one could expect
important economies of scale with respect to labor requirements) are
represented by just a few exarnples and practically all of them are located in
the USSR; therefore, because of differences in economic systems and employ-
ment policies, comparisons with mines in other countries can hardly be
made.

In an analysis of mines with similar mining technologies and econornic
environments (i.e. only mines from the USA and Australia), and which do not
have such significant differences in mine output, the influence of the over-
burden to coal ratio is even more distincl. Again, the influence of mine size
(as well as the residual mine size from the relationship in Figure 8) on the
specific manpower requirements does not appear significant. Figure 7
presents the result of this analysis for opencast mines in the USA and Aus-
tralia (for all systems of technology, but excluding mountain-top removal and
multiple-dipping seam mining).

In surnmary, one can conclude that because of the high share of the
total specific manpower requirements that is claimed by overburden opera-
tions, it is the geology of the mined deposit, as reflected in the overburden to

*Throughout Section 4.1.2, as well as Section 4.2.2, in addition to an analysis of the improve-
ment of R? by introducing an additional variable into the equation and an analysis of the stan-
dard error of the regression coefficients, significance tests for the individual independent
variables have been performed. The tests are made at a 90% significance level to see whether a
particular regression coefficient equals zero. If this hypothesis cannot be rejected the variable
is considered as insignificant. Of course, this applies only to those data analyzed that are con-
tained in the CMDB. In reality, or in considering alternative data sets or disaggregation of the
available data into different subsets (e.g. systems of technology), the variable could well show
a significant influence on a particular dependent variable studied.

**Because of the nonlinearity of eqn. (3) it is necessary to include the residuals in a separate
regression. If the relationship in Figure 6 were linear, it is a feature inherent in the linear re-
gression model that any transformation of the mine size variable, i.e. through consideration
of its dependence upon the overburden to coal ratio, would nol improve the overall fit or the
predicted values of a particular linear regression function in comparison with the regression
model where simply the mine size variable is considered.
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FIGURE 7 The influence of the overburden to coal ratio on the specific manpower re-
quirements for opencast mines {excluding coal preparation operations) in the USA
and Australia {excluding mountain-top removal and multiple-dipping seam mining).
Source: Coal Mines Data Base, IIASA.

coal ratio, that exercises a strong influence on the specific manpower
requirements. This applies equally when comparing mines from different
countries with different economic systems and employment policies. Within
the available data sample no significant influence of the mine size on the
specific manpower requirements was found.

However, at present there are too few data available (especially on mines
with very high output, where one could expect important economies of scale)
to permit definitive conclusions with respect to the manpower requirements.

For the analysis of the specific energy requirements, all energy require-
ments were first aggregated to the total final energy requirements expressed
in kWh equivalent (thermal equivalence)*. In addition, in order to obtain a
better comparison, an average value of 8.25kWh equivalent per tonne of coal
produced was added for those mines where available data on energy require-
ments excluded coal preparation. This value was estimated** from US refer-
ences {e.g. Fluor Utah Inc. 1977). The total energy requirements (including
coal preparation operations) vary greatly; for the opencast mines included in

*1kWh = 3,600 ki, 11 diesel fuel = 10.7 kWh equivalent.
**On the basis of the available data, no influence of the throughput of the preparation facility
on the specific energy requirements was found.
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the data base, they range from 18.5 to B0.5kWh equivalent per tonne of raw*
coal. At mines exploiting multiple and deeply dipping seams, as well as for
mountain-top removal mining, the values are considerably higher — up to
213.5kWh equivalent per tonne of saleable coal. However, the requirements of
these particular mining methods (resulting from special (unfavorable) depos-
it characteristics) cannot be compared with those of conventional opencast
mining methods.

As discussed in Section 4.1.1 on structural analysis, electrically and
diesel-powered equipment have different end-use efficiencies (i.e. electric
motors convert final energy into mechanical energy more efficiently — by a
factor of 3 — than diesel-powered motors). Therefore, as well as the overbur-
den to coal ratio and the mine size ratio, the percentage of electricity con-
sumption in the total final energy requirements was taken as an additional
variable to explain the total energy consumption. For the mines analyzed,
electricity accounts for between 16 and 91% of the total final energy require-
ments. For multiple-dipping seam and mountain-top removal mining, which
use diesel power almost exclusively, the fraction of electricity requirements
is only about 4—5%. Equation (4) presents the result of the regression analysis
of the specific energy requirements as a function of mine size (represented
by the size ratio**), overburden to coal ratio, and the percentage of electric-
ity ini the total final energy requirements:

Bng . = 49.04 — 0.38E, + 1.65R, . — R.5bkp (4
s (11.23) (0.14) (0.69) (201)
n =15

Ry, = 058, Kpy poe =071 Rgy poc,ry = 0-76
2 2 _ 2 _
Ry = 0.34, Rz poc =0.5L Rig po.c gy = 057

where

E‘nspec is the specific total energy requirements, in kWh equivalent per
tonne of raw coal produced (including coal preparation);

kg is the size ratio 1/0p;
Ey is the fraction of electricity in Lhe total energy requirements
(%).

Because of the difference in end-use efficiency between electrically and
diesel-powered equipment, it is no surprise that the percentage of electricity
in the total energy requirements has the strongest influence on the specific
energy requirements, followed by the overburden to coal ratio. The first vari-
able characterizes the type of mining technology (and the resulting type of
equipment} used, the second represents the influence of the deposit

*To be consistent with our discussion of the relalionship between the mine output and the
overburden to coal ratic as presented in eqn. (3) and Figure 6, the specific values are ex-
pressed per tonne of raw (run-of-mine) zoal.

**The size ratio is introduced to convert the relationship between the specific resource re-
quirements and the mine ocutpul to a linear form.
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characteristics on the energy consumption. From eqn. (4), and from
significance tests performed, it appears that the output of the mine
(represented by the size ratio) has an insignificant effect on the specific
energy consumption. This applies equally if we take the nonlinear relation-
ship between the mine output and the overburden to coal ratio and consider
the residual mine output from eqn. (3) instead. Moreover, the negative value
of the regression coefficient for the size ratio Ry would imply that there is a
negative economy of scale*: that is, the bigger the mine (and the smaller RR)
the higher the specific energy consumption. However, in view of the limited
data available, it would be premature to draw a definitive conclusion. We
therefore reformulate eqn. (4), excluding the size ratio:

Bng,e. = 44.91 — 031E; + 1.34R,, (5)
s (11.51) (0.13) (0.66)
n =15

R, R? values same as for eqn. (4)

If one makes further analyses of only those mines using electrically powered
equipment for overburden removal and coal mining, and excludes those
where these operations are (partly) carried out by diesel-powered equipment,
the results are as presented in Figure 8 {n=12**%). As expected, the percen-
tage of electricity no longer has a significant impact on the specific energy
requirements. The analysis, unbiased from the point of view of different end-
use efficiencies of electricity and diesel fuel, shows the strong influence of
the overburden to coal ratio on the total energy requirements, due to the
high share of the total energy consumed in overburden operations.

Therefore, in looking at mines with similar technologies (i.e. overburden
operations carried out by electrically powered equipment) one can conclude
that only the overburden to coal ratio has a significant influence. In sum-
mary, the choice (if this is not determined by deposit characteristics, as is
the case for mountain-top removal mining, for instance) between diesel- and
electrically powered equipment at a mine influences the total energy require-
ments significantly. If diesel equipment is used, the total energy require-
ments are significantly higher owing to its lower end-use efficiency. Since a
high share of the energy requirements is for overburden operalions, the
energy requirements depend strongly on the overburden to coal ratic. Based
on the currently available dala, the oulput of a mine does not appear to have
a gignificant influence on the specific total energy consumption. However, in
order to draw a definitive conclusion one would still require more detailed
data for given mining technologies with a wider range of mine capacities.

*The same result is obtained when the residual mine output is considered as variable.

**As stated at the beginning of this section, one should not be confused by the varying
number of observations. Compared with egn. {5), five mines have been excluded from the
analysis for the equation describing Figure B. However, as the percentage of electricity in the
final energy requirements was no longer significant, thus permitting the omission of this vari-
able, two additional observations from the CMDB — where only the total energy requirements
and no separate data on electricity and diesel fuel requirements were available — could be in-
cluded in the analysis. For the equation represented by Figure 8, n therefore equals 12.
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FIGURE 8 Relationship between the overburden to coal ratio and total energy con-
sumption (including coal preparation operations) for mines using electrically
powered equipment for overburden and coal-mining operations (USA, USSR, and Aus-
tria).

Source: Coal Mines Data Base, 1IASA.

Because of the normally high share of electricity in the total energy
requirements, a further analysis was made of the specific electricily require-
ments. As additional data from operating mines in the USSR were available,
mines in the USA and USSR were treated separately. For a better comparabil-
ity with the data of the USSR, the specific electricity requirements for the
mines of the USA stored in the CMDB were recalculated, excluding the energy
requirements for coal preparation, and are expressed per tonne of raw coal
produced. For the analysis of the opencast mines in the USA mountain-top
removal and multiple-dipping seam mining were again excluded. In addition,
as in the analysis of the total energy requirements, only those mines where
overburden and coal-mining operations are carried out by electrical equip-
ment were taken into account. The result of this analysis of the dependence
of the specific electricity requirements on the overburden to coal ratio is
presented in Figure 9.

As in the case of the total energy requirements, one can observe the
strong influence of the overburden to coal ratio on the specific electricity
requirements, whereas the output of the mine (i.e. the size ratio or the resid-
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FIGURE 9 Specific electricity requirements (excluding coal preparation) as a func-
tion of the overburden to coal ratio for mines in the USA (excluding mountain-top re-
moval and multiple-dipping seam mining) (full line), compared with the samne type of
relationship obtained from an analysis of all operating opencast mines in the USSR

(broken line).
Sources: Coal Mines Data Base, IIASA and Academy of Sciences of the USSR (1979).

ual mine output from eqn.(3)) appears to have no significant influence. As the
overburden to coal ratio rises from 1.8 to 15m3/t, the specific electricity
requirements rise by nearly a factor of 4. These results are further confirmed
if compared with the same relationship based on the analysis of all operating
opencast mines in the USSR, which almost exclusively use electrically
powered overburden equipment. The data for opencast mines in the USSR
that are contained in the CMDB are plotted for comparison in Figure 9. The
specific electricity requirements at opencast mines in the USSR appear to be
influenced more strongly than US mines by the overburden to coal ratio.
Since most of the function obtained from analysis of all operating opencast
mines in the USSR is within the confidence bands of the function f for the US
opencast mines in the CMDB, this demonstrates that the influence of the over-
burden to coal ratio on the specific electricity requirements is not affected a
great deal by differences in the mining technology used in the two countries.

A quite different picture is obtained if one analyzes the specific molor
Juel consumption. The overburden to coal ratio and the mine output have no
significant influence on the specific consumption, which tends to have a fixed
value. Tts variance is chiefly determined by whether diesel is (partly) also
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used in overburden operations or mainly only for coal transport, land recla-
mation, and other equipment. :

The specific material costs data stored in the CMDB for opencast mines in
the USA are presented in Figure 10. As discussed in Section 4.1.1 on struc-
tural analysis of resource requirements, the share of the total material
expenses consumed by overburden operations is very high: from 50 to 70%.
One would therefore expect a strong dependence on the overburden to coal
ratio. However, as seen in Figure 10, the estimated specific costs of materials
have quite a wide range. Mountain-top removal and multiple-dipping seam
mining have much higher material requirements than other mining systems.
Even within the sarne group of mining systems (area stripping with draglines
or with shovels and trucks, and contour stripping) the differences between
estimated data are rather high. In particular, the values derived from studies
by the US Bureau of Mines and the National Energy Supply planning model of
the Bechtel Corporation are apparently underestimated, especially for mines
with high overburden to coal ratics. Even if one includes in these estimates
the material expenses of coal preparation facilities (ranging in the available
data between 0.19 and 0.3US$(1875)*/t saleable coal produced) the data still
appear to be underestimated. One reason is that these estimates did not
specifically take into account the detailed deposit characteristics; a second
reason is that the estimates are basically revised versions of rnuch older esti-
mates, which have been adjusted to new base-year dollars. This demonstrates
again that estimates based on physical requirements and their subsequent
translation into costs, though always based on the original physical units, are
much more reliable and do not tend to become outdated as quickly as esti-
mates based on purely economic data. In analyzing the remaining estimates
for their dependence on the overburden to coal ratio (the output of the mine
appears to have no significant influence), a best fit was achieved by using a
nonlinear regression function, as shown in Figure 10. However, the lack of
data and the uncertainties associated with cost data in general imply that it
would be premature to draw definitive conclusions at the present timne. Con-
sequently, the regression function suggested in Figure 10 is for information
only, and is not recommended for use in a particular model.

A similar picture, with respect to the influence of the overburden to coal
ratio on the specific costs of materials, is shown in Figure 11 for opencast
mining in the USSR. The relationship, which is nonlinear (Academy of Sci-
ences of the USSR 1879), is based on an analysis of all operating opencast
mines in the USSR (1975 data). However, when compared with the US data
(Figure 10) based on a conversion rate of 1US$ = 0.7rouble(1975), the
specific costs for opencast mines in the USSR are considerably lower. The
difference can be explained partly by the fact that the data for the US open-
cast mines include coal preparation expenses and are expressed per tonne of
saleable coal, whereas the relationship from the Academy of Sciences of the
USSR (1979) refers to the material costs per tonne of raw (run-of-mine) coal.
Two other explanations for the difference lie in the difficulty of comparing

*All costs have been adjusted Lo common base-year (1975) values. Appendix D gives the
conversion rates used.
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tionship for opencast mines in the USSR.

Sources: Coal Mines Data Base, 1IASA and Academy of Sciences of the USSR (1979).

cost data of currencies that are not freely convertible in geuneral, and in pos-
sible differences in the definition of material costs in the two countries.

The analysis of the environmental impacts concentrated on the land
requirements for opencast mining. The land area disturbed per unit of coal
output depends on the thickness of the seam(s) mined and also, to a lesser
extent, on the depth, since the greater the slope of the pit the greater the
land requirements. On the other hand, the particular mining system and the
size of the mine have practically no influence on the specific land require-
ments. This was confirmed by all the analyses carried out. In the first
analysis the overburden to coal ratio (i.e. the combination of seam thickness
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of materials, based on an analysis of operating opencast mines in the USSR.
Source: Academy of Sciences of the USSR (1979).

and mining depth or overburden thickness) was taken as the variable deter-
mining the specific land requirements (expressed in m? per tonne of saleable
coal produced). The result of this analysis is presented in Figure 12. In
analyzing whether the choice of a particular mining system could explain the
residuals from the regression function in Figure 12, no influence of the min-
ing system on variations in the specific land requirements was found.

The next analysis consisted of considering the specific land require-
ments as a function of the average (or total) seam thickness, as well as of the
thickness of the overburden mined. Equations (8) and (7) present the results
for the average and the total seam thickness, respectively.

1/ Lgpec = 4.00 + 1.065,,, — 0.197h (6)
s (3.10) (0.06) (0.04)
n =14

RSan = 0.94, RSan,ThOV =0.98

2 — —
H.S'avg = 0.89, R.S'zavg,Th,ov =0.96
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FIGURE 12 The influence of the overburden to coal ratio on the specific land require-
ments of opencast mining (all systems of technology).
Source: Coal Mines Data Base, [IASA.

1/ Lyyee=— 238 + 1225, — 0.0967h (7)
s (10.75) (0.18) (0.11)
n =18

Rgior = 0.89, Rgio mnov = 0.89

2 _ 2 _
RSt = 0.79, Kot thov = 0.80

where
Lgpec 1s the specific land requirements (m?/t saleable coal);
S, is the average seam thickness mined (m);

avg
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Siot  is the total seam thickness mined (m);
Th,, isthe overburden thickness (m).

As the relationship between the specific land requirements and the seam
thickness is hyperbolic, the reciprocal value (i.e. tonnes of saleable coal pro-
duced per square meter of land disturbed) was taken as a dependent variable
to fit into the linear regression model. In both equations the influence of
overburden thickness on the specific land requirements is rather small. In
the case of eqn. (7) the regression coefficient for the overburden thickness
did not even pass the 90% significance test (see also the standard error and
correlation coefficients in eqn. (7)). We can therefore conclude that the
specific land requirements can be predicted quite accurately from the aver-
age or total seam thickness alone, with the regression equation for the aver-
age thickness showing a better result. Figure 13 presents the results from
eqns. (6) and (7) by considering* only the influence of the average/total seam
thickness on the specific land requirements, and in the hyperbolic form of
the relationship, derived from the original linear regression model. Both
equations show a best fit with the observed data when only one seam is mined
(circular data plots in Figure 13). 1f more seams are mined, and the
difference between the average and the total seam thickness becomes larger,
the observations are no longer fitted as accurately by the given regression
models.

In this respect, is is interesting to note that the land requirement data
presented in a number of Environmental Impact Statements, published in the
USA, tend to be especially unreliable. The land requirements of two mine proj-
ects, in particular, differ by more than a factor of 10 from the land require-
ments of other mines exploiting similar deposits and using basically the same
mining technology. As we refer in this case lo two independent publications,
it does not seem likely that the difference can be attributed to a simple print-
ing error, but rather il is another confirmalion of remarks made earlier in
this report about the large number of inconsistencies and apparently wrong
data that these Environmental Impact Statements contain.

*Different data samples are available for the analysis of land requirements, dependirng on the
(combination of) parameters chosen. This is reflected in the varying number of observatiaus
and different minimum /maximum valves applying to the figures and equations that deal with
land requirements (for instance, when comparing f ; from Figure 13 with eqn. (8), and f, with
eqn. (7).



82

VSVII ‘8sed eje(] SaUll [e0) :304n0g
(£8c1ouyoay jo swayss [[e) sjuswaainbaa pue|
ogoads ayj pue paulwl SSauxoly} wWeas [ejoy}/afedsae ayy usamijaq diysuone(dy €1 YNDIL

10}

{w) "¢ ssauxoIyl weas |e1o|
OyL o0cL o0L 08 09 OF om_wp 91 ¥ ¢ ol 8 9 14 [4 0
———— —

{w) Br2 ¢ ssauioly wess abesany

¢ 0
g
110 &
=
1¢0 &
3
o
1€0 8
=3
o
Tv0 3
| SlJUBWaelS 1oedw| |RIUBW ‘ 2
-uoJiaug gn wody ere :Si3 Lo = lto |m|N|||: + G0 m7
-C - 3
SUILL BLIES 03 1343 i~(*"s ¥69°0 + G6L°0) = & s ¥, 1903
SUOIIBAISSQO UO SIAQUINN B W z z1 90 3,
[} -~
{pautw weas auo . ve 1l,n &
Ajuo) suoinauny yrog - 280 =4 oz=u * Lo @
01 $1943J UOIIBAIBSG) @ —("®s 1911 + 209°0-) = b . &
sI3 1808
2N I feo =



83

Construction Requirements

In the analyses discussed thus far, only the operational requirements of
the coal-mining process were dealt with. Unfortunately, too few data were
available for a similar analysis of the construction requirements, which
therefore could be considered only in terms of cost. However, there are
difficulties in comparing and interpreting the cost data since the data base
includes data from countries with different economic systems as well as data
from a variety of references, in which the way the original estimates were
derived is by no means consistent. Some studies (e.g. those mentioned ear-
lier, by the US Bureau of Mines and the Bechtel Corporation) are based on
adjusting older estimates by the same (or other) authors, the resulting data
tending to be particularly unreliable. Original data from different countries
and/or different reference years were deflated and converted to US$(1975)
prior to analysis, according to the table in Appendix D.

To avoid biases in comparing construction cost data that include costs
for coal preparation facilities with those that do not, all cost data apply to
coal mining alone and are expressed per tonne of raw coal produced. When-
ever a data breakdown was not available from the original data source, the
cost of the coal preparation facilities was estimated from other mines (in the
CMDB) located in the same basin and then used to recalculate the construc-
tion cost data, excluding the cost of coal preparation.

First, the specific fofal construction cosis were analyzed. These costs
include the direct construction costs as well as infrastructure expenses and
indirect costs (e.g. interests). The total construction costs (excluding coal
preparation) of the coal mines in the CMDB vary from 4.7 to 31 US$(1975)/t
raw coal annual capacity. It is of course very difficult to compare these cost
data between mines of different countries with different economic systems,
simply because the definitions of the constituents of these costs (interests,
infrastructure expenses including social expenses, etc.) are very different.
Consequently, only data from mines in the USA were considered in the
analysis. However, a wide range in the data can still be observed. This is
caused by different assumptions on interest rates and required infrastructure
expenses underlying the individual data estimates. However, the results of
the analysis as presented in Figure 14 confirm the assumption that the
specific total construction costs are strongly influenced by the geology of the
mined deposit, as reflected in the overburden to coal ratio*. No influence of
the mine capacity on the specific construction costs was found for the range
of capacities of the US coal mines considered (from 2.7 to 8.5 - 108t raw coal
per year). The estimates derived from the studies by the US Bureau of Mines
and the Bechtel Corporation are marked separately in Figure 14 and one can
clearly see that the USBM data tend to be underestimaled.

In the next step the specific direcl construclion invesiments were con-
sidered (i.e. investments for equipment plus inveslments for surface facili-
ties {excluding coal preparation), such as offices and washrooms). Despite the
problems of converting the original data into US$(1975) values, the direct

*The same stalement can be made for the total construction investments of mines located in
other countries (including the USSR).
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FIGURE 14 The influence of the overburden to coal ratio on the specific total con-
struction costs (excluding coal preparation) for surface mines in the USA (all sys-
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construction investments of different mines in individual countries appear
comparable. As shown in egn. (B), the overburden to coal ratio and the size

ratio determine the specific direct construction costs.

s

Cdirg .= 2.64 + 0.87R,, + 1451k
(5.28 (0.27) (6.81)

n =21
Rgoe = 081, Rpyop, =0.71

2 — 2 —
RRo:c =0.37, RRO:C,RR =050

where
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Cdi,rspeC is the specific direct investment costs (excluding coal prepara-

tion) (US $(1975)/t raw coal per year).

The positive value of the regression coefficient for the size ratio Ry
means an economy of scale: as the mine capacity increases (and the size
ratio decreases) the increase in specific direct investment costs is lower than
for mines with smaller capacities. However, this result is mainly due to the
data from the supergiant opencast mines in the USSR, which are affected by
the general problem of comparing currencies that are not freely convertible
with other currencies. If one makes a separate analysis of the US mines
alone, or considers the residual mine output from the nonlinear relationship
between mine size and overburden to coal ratio (Figure 86), the mine size
appears to have no significant influence on the specific direct construction
investments. However, in view of the relatively small and inhomogeneous
data sample it would be premature to draw definitive conclusions about the
effects of economies of scale with respect to the specific construction invest-
ments. For a better evaluation, one would require more data for mines over a
wider range of capacities, and for which investment data would have to be
more easily comparable.

Still, one can conclude that it is mainly the overburden Lo coal ratio that
determines the specific direct investment cosls. Figure 15 shows the results
for eqn. (8) rewritten in terms of the influence of the overburden to coal ratio
alone.

Looking at the specific investment! costs of equipment, one would expect
an even closer dependence upon the overburden to coal ratio than for the
specific direct investment costs, because of the high share of the total equip-
ment expenses given to overburden equipment, as discussed in Section 4.1.1
on structural analysis. The result of the analysis confirms this assumption,
that the overburden to coal ratio determines, to a very large extent, the
specific cost of equipment to be installed during the construction of a mine.
Figure 16 shows the result of this analysis. Compared with the analysis of the
specific direct investment costs as presented in Figure 15, the fit of the
observed data for the specific equipment cost to the regression line is much
better (in terms of a higher K2 as well as narrower confidence bands). Fur-
thermore, the specific equipment cost does not appear to be influenced by
the size of the mine or a particular mining technology, at least not in the
data sample analyzed.

The analyses of investment costs have shown that a comparison of open-
cast rnines based on economic data introduces additional biases: different
assumptions underlying the individual original estimates, the necessity of
converting economic data to base-year values, and finally the difficulty of
comparing economic data belween different countries and/or different
economic systems. All this tends to make the data on individual mines less
comparable and the results of the analyses less reliable compared with data
and analyses based on engineering-type information as reflected in physical
(WELMM-type) indicators.

Yet, similarly to the other analyses performed, the economic analyses
show thatl investment costs are to a very large extent determined by the geol-
ogy of the mined deposit, as reflected in the overburden to coal ratio. On the
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FIGURE 15 The influence of the overburden to coal ratio on the specific direct
investment costs (excluding coal preparation) for opencast mines (all systems of
technology).

Source: Coal Mines Data Base, [IASA.

basis of the available data sample no significant economies of scale with
respect to investment costs could be found. Data on large-capacity mines are
presently available for the USSR only, but even in this case there are too few
examples to allow a more careful evaluation of Lhe effects of economies of
scale on construction investment costs.

In concluding this section on the statistical analysis of factors
influencing natural resource requirements of opencast mining, it should be
emphasized that in interpreting the results and/or applying them in a partic-
ular model one has to bear in mind the relatively small and inhomogeneous
data base available for analysis, as well as the fact that the coal-mining pro-
cess was dealt with as a whole (i.e. not by first analyzing the subprocesses,
such as overburden removal, coal winning, and coal transport, and then
aggregating these into a single mining process). However, the information
required for this type of analysis is generally only available at the level of the
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FIGURE 16 The influence of the overburden to coal ratio on the specific equipment
investment costs {excluding coal preparation) for opencast mines (all systems of

technology).
Source: Coal Mines Data Base, 1TASA.

mine deposit or as a result of detailed engineering studies for a particular
mine. Therefore, if one is interested in studying the long-term effects of
resource depletion, considering the available coal reserves or even part of the
coal resources of a given basin or country, very little information is available
— normally only depth, seam thickness (i.e. the overburden to coal ratio), and
coal quality. Therefore, the somewhat simplified and crude representation of
mining operations as a single process and consideration of only some main
influencing factors (i.e. the overburden to coal ratio and mine size) appears
to be a legitimate approach. In view of these precautions, the results* of the
analyses can be considered as satisfactory, even though they include an inev-
itable degree of uncertainty and inaccuracy. The relationships and

*With respect to applications of these results, the authors would like to emphasize again that
the relationships ought to be considered only within the intervals considered in the analyses
(summarized in Appendix B.2). A linear type of model does not necessarily imply that the par-
ticular relationship considered is linear in general but rather that the relationship is approxi-
mated within the interval considered by a linear model.
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interdependences discussed in the structural analysis, Section 4.1.1, and
which are expected to be found also in the empirical data contained in the
CMDB, are confirmed in the statistical analyses and could be guantified. The
results achieved in this first step of the study ought to be improved and
confirmed using larger, more homogeneous data samples. The authors con-
sider a continuation of this type of approach not only a valuable but also a
necessary direction of future studies, which this report is intended to
encourage.
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4.2 CONVENTIONAL UNDERGROUND MINING

4.2.1 Structural Analysis of Resource Requirements of Mines in Selected
Countries

4.2.1.1 Underground Mines in the USA

Around 40% (or about 293 million tonnes per year) of the total annual
coal output (1982) of the USA is produced from underground mines. The
major industrial base of US underground mining is situated in the Eastern
region (Appalachia and Illinois basins). Only a small part of the total US coal
resources has been depleted up to now. Past cumulative production and loss
in mining account for only 9.7% of the total coal reserve base in situ (Averitt
1975, US Department of Energy 1981). The reserve base for underground min-
ing in the Eastern United States alone, based on a minimum seam thickness
of 0.7m and depths not exceeding 300m, is still estimated at 153 - 109t (US
Bureau of Mines 1974). The total reserve base for underground mining in the
USA is estimated to amount to 289 - 109t. Even assuming that only 50% of the
reserve base may be recoverable, it would still allow the current underground
mining production level to continue for 490 years. In addition, it is well
recognized that knowledge of coal resources at depths of up to 1000m (the
mining depth at a number of mines in Europe and the USSR) is still
insufficient to permit a realistic evaluation of the ultimate potential of under-
ground mining in the USA (e.g. Averitt 1975, US Department of Energy 1981).

The huge reserves available in the USA are located in extremely favor-
able geological conditions, in contrast to those prevailing in most basins in
Europe or the USSR. In the USA, coal seams deeper than 600m had not been
exploited until now. Mining depths exceeding 300m are rare, which explains
why there has been little interest in resources located at greater depths. The
bedding of the coal seams exploited in the USA is usually very regular and
flat. As a rule, only one seam is exploited in a mine. Such favorable conditions
permit the application of room-and-pillar mining and the use of flexible con-
tinuous mining equipment {(accounting for about two-thirds of underground-
mined coal). Longwall mining is employed in the USA on a small scale (less
than 10% of underground coal production). The following analysis of resource
requirements of underground mines in the USA was based on a number of
studies published between 1974 and 1978 (Katell and Hemingway 1974a, b,
Stanford Research Institute 1975, Hogle et al. 1976, Katell el al. 1976b,
Bechtel Corporation 1977, 1978). All the data have been estimated for a
number of hypothetical underground coal mines in a capacity range from
0.93 to 4.5 million tonnes per year.

Characteristics of these mines may be summarized as follows. One
slightly inclined seam of bituminous coal 1.2—1.8 m thick is exploited in each
mine, and mining depths are extremely small. The room-and-pillar system is
used, and main headings are equipped with conveyors. Each loading unit con-
sists of a continuous miner, a loading machine, two shuttle cars, and a roof
bolter. The shuttle cars dump coal into a ratio feeder at the tailpiece of the
unit belt conveyor. A manpower unit consists of 10 persons and a foreman.
Continuous miner sections produce around 310 tonnes of coal per unit per
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shift, with about 60% recovery.

The construction period of a mine is assumed to be about 3 years, the
development period 1-2 years; the lifetime of a mine is about 20—30 years,
with 220—250 days of annual operation. The geological conditions taken into
account and the technological parameters are supposed to be typical of a
great number of mines of the USA.

Manpower Requirements

Personnel requirements compiled for mines in the USA generally do not
include a great number of auxiliary personnel of supporting companies.
Therefore, manpower estimates tend to be incomplete. Nevertheless, labor
requirements at underground mines are very low compared with mines in
other countries. Table 31 presents the estimated manpower requirements for
a number of hypothetical mines. These requirements are probably under-
estimated and alternative data are therefore presented in Table 32.

Simple mining schemes, centralized surface facilities, the virtual
absence of waste rock operations, and no roof supports at the faces are the
main reasons for the low manpower requirements of the room-and-pillar sys-
tem. If it is assumed that there are 220 working days per year, the manpower
requirements, as shown in Table 31, result in a labor productivity of
16.6—20.8t per man-shift. Even in considering an alternative estimate from
Table 32 of 7.4t per man-shift, or the average productivity at underground
mines in the USA (1982) of 9.6t per man-shift, a higher labor productivity can
be observed in US room-and-pillar mines than in mines in many other coun-
tries. However, it should again be stressed that this high productivity is, first
and foremost, a result of excellent bedding conditions as well as of the large
reserves, which permit the application of room-and-pillar mining.

Electricity Requirements

Electricity requirements for US underground mines range between 13.0
and 21.1kWh/t raw coal produced. These requirements are relatively low,
since the main sources of electricity consumption, such as the equipment for
ventilation and for lifting water and coal, do not use large amounts of energy,
because of the relatively small depths of the mines and good geological condi-
tions. Table 33 presents the electricily requirements for each main lype of
equipment. Face equipment (mining and loading) consumes between 50 and
60% of the total electricity requirements. FElectricity, and thus energy,
requirements are extremely low, especially when compared with the energy
produced by the coal-mining process (a similar situation to that already dis-
cussed for opencast mines).



TABLE 31 Estimated manpower requirements of hypothetical US underground mines.

Seam thickness 1.2m 1.8 m

Annual mine capacity
(10%t raw coal) 0.93 1.87 2.8 0.96 1.85 29 4.5

Manpower requirements
(persons per 10° t raw
coal per year):

Underground 214 207 207.9 200 193 187.6 191.3
Surface 11.8 8 6.4 11.5 8.1 6.2 6

Supervision 473 315 26.4 44.8 303 24.5 242
Total manpower 273.1 246.5 240.7 2563 2314 2183 221.5

Labor productivity (total
mine) (tonnes per man-
shift)? 16.6 18.4 18.9 17.7 19.6 20.8 20.5

4 Assuming 220 working days per year.
Sources: Katell and Hemingway (1974a) and Katell er al. (1976b).

TABLE 32 Alternative estimated manpower requirements (including coal
preparation) for a room-and-pillar mine in the USA with a coal output of
1.8 million tonnes per year.

Type of personnel Manpower requirements (persons
per 10° t raw coal per year)

Nonmanual, technical 111.9

Nonmanual, nontechnical 1468

Manual, technical, with

critical skills 299.6

Other 53.1

Total personnel 6114

Labor productivity (total mine,
including coal preparation)
(tonnes per man-shift)? 7.435

4 Assuming 220 working days per year.
Source: Bechtel Corporation (1978).

TABLE 33 Estimated electricity consumption of different types of equipment for two US
underground mines (kWh/1 raw coal).

Equipment Seam thickness: 1.2 m Scam thickness: 1.8 m
Annual capacity: 2.8 million Annual capacity: 0.96 million
tonnes (raw coal) tonnes (raw coal)

Continuous miners 29 7.2

Loading machines 2.1 1.9

Shuttle cars 2.6 3.2

Roof bolters 0.8 0.7

Belt conveyors 1.3 2.2

Fans 12 2.5

Other 32 34

Total 14.1 211

Source: Katell er al. (1976b).
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Material Requirements

Table 34 presents some estimated data on the material requirements
considered as representative of room-and-pillar mines in.the USA. In terms
of physical quantities, rock dust (B6.5t), roof bolts (468.6), and lumber
(around 160kg) are the most important material requirements per 103t of
raw coal produced. Roof bolts account for 74%, rock dust for 9%, and lubri-
cants and hydraulic fluids for about 7% of the total cost of materials, which is
1.58 $(1975)* per tonne of raw coal produced. The material requirements can
of course vary significantly between individual mines, depending on the geol-
ogy of the deposit.

Water Requirements

Water consumption for coal production is extremely low in US under-
ground mines, i.e. about 35 liters per tonne of coal produced. The water con-
sumed is for controlling dust and cooling equipment. Water inflow into a mine
can be of significance, especially for electricity consumption, but the inflow
depends very much on local hydrological conditions, which cannot be com-
pared from one mine to another.

Land Requirements

The total surface area leased to produce one million tonnes of coal per
year over a 20-year lifetime of a mine varies from 14.5 to 21.7 km?, depending
on whether a coal bed of 1.2 or 1.8m thickness is exploited. The land require-
ments also depend on whether more than one seam is exploited and on the
dip of the coal bed. Generally, the impact on the surface area undermined
(e.g. through subsidence) is smaller at room-and-pillar mines in the USA than
at longwall mines in other countries, because of the coal pillars left under-
ground. However, this advantage implies considerable loss of the in situ coal
reserves (up to 50%).

Production Costs

The estimated cost of coal production varies from 8.95 to 10.15$(1975)
per tonne of raw coal produced, according to the US Bureau of Mines (Katell
et al. 1976b). If the mine capacity grows from 0.96 to 4.5 million tonnes per
year, the specific cost declines by as much as 1.15%(1975)/t or 11.4%. The
scaling factor therefore appears somewhat insignificant if one considers the
range of capacities mentioned above. Typical distributions of production costs
are presented in Table 35 for mines exploiting a coal bed 1.8m thick with
capacities of 0.96 and 4.5 million tonnes per year. Wages, payroll overhead,
and union fees comprise 53% of total production costs; equipment supplies
and materials account for 20—23%, energy for around 4%, and depreciation for
9—-11%. Eslimated produclion costs have shown an annual escalation of 10%
over the period from August 1974 to March 1977 {(Bechtel Corporation 1977).
More recent production cost estimates for a typical room-and-pillar mine
having an annual output of 1.8 million tonnes of clean coal (i.e. including coal
preparation) amount to around 30$(1978) per tonne of clean coal produced
{Bechtel Corporation 1978).

*All costs have been converted to 1975 values. Appendix D gives the conversion rates used.



TABLE 34 Material requirements of a room-and-pillar mine in the USA producing

1.8 million tonnes of clean coal per year.

Material Requirements per

10? ¢ clean coal produced

Amount US $(1975)
Lumber and wood products 0.35m3(~160 kg) 325
Explosives and blasting materials 10.0kg 18.5
Diesel fuel 104.3 liters 9.1
Gasoline 14.0liters 2.4
Lubricants and hydraulic oil — 120.4
Fertilizers 6kg 0.5
Tires — 12.0
Roof bolts 468.6 1,278.8
Rock dust 66.5t 160.0
Concrete and cement products - 62.6
Brattice cloth 6.7m 18.0
Miscellaneous - 9.8
Total? - 1,724.2

4Total does not add because of rounding errors.
Sources: Stanford Research Institute (1975) and Hogle et al. (1976).
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TABLE 35 Estimated production costs (US $(1975)/t raw coal) for two hypothetical US
underground mines exploiting a coal seam 1.8 m thick.

Mine output:
4.5+ 10°% t/yr

Mine output:
096 - 10 t/yr

1. Direct costs
a. Labor 2.41 2.24
b. Supervision 0.64} (30%) 0.34 } (28.8%)
c. Equipment supplies
Spare parts 0.7 0.7
Ventilation 0.2 (10.8%) 0.21 (12.4%)
Bits and cables 02 n2
d. Materials
Lubricants and hydraulic oil 0.28 0.28
Roof bolts and timber 0.34 0.34
Rock dust 0.15 (©.3%) 0.14 (10.4%)
Miscellaneous 0.17 0.17
e. Power and water 0.42 (4.1%) 0.35 (3.9%)
f. Payroll overhead 1.22 (12%) 1.03 (11.5%)
g. Union welfare 1.15 (11.3%) 1.13 (12.6%)
2. Indirect costs (15% of a to d) 0.76 (7.5%) 0.69 (7.7%)
3. Fixed costs
Taxes and insurance 0.37 0.32

Depreciation
Total 1

1_14} (14.9%)
0.15  (100%)

0_81} (12.6%)
895  (100%)

Source: Katell et al. (1976b).
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4.2 1.2 Underground Mines in the USSR

At present, a major share of the coal mined in the USSR is produced by
underground mining. In 1981, around 430 million tonnes of coal were pro-
duced from underground mines, corresponding to 81% of the national coal
output. Underground mining is employed mostly in the Donetsk, Kuznetsk,
Karaganda, Moscow, and Pechora basins.

In 1975, the average depth of underground mining was 409 m, i.e. much
greater than in the USA. In the Donbass, the average mining depth was 545m,
in the Kuzbass 252 m, and in the Karaganda basin 372 m. The average mining
depth is increasing steadily: for instarnce, between 1975 and 1977 the average
depth increased to 566 m in the Donbass and to 398 m in the Karaganda basin.
Seventy percent of all faces exploit flat seams (0—25°), 10% of faces exploit
inclined seams (25—35°), and the rest work steep seams (over 35°). About 72%
of the coal produced is brought to the surface via vertical shafts, 5% via
slopes, and only 3% through adits (Astakhov 1977b). Longwall mining is used
almost exclusively in the USSR, in many cases with the preliminary drivage of
entries to the border of the panel.

Most of the coal is mined mechanically, mainly by narrow-web shearers.
Caving and smooth lowering methods are used almost exclusively for roof
control. Fifty-four percent of coal from seams with a dip of up to 35° is
obtained from completely mechanized faces equipped with narrow-web shear-
ers (sometimes also with coal ploughs), armored face conveyors, and
hydraulic roof supports. A continuous scheme of operation is typical at such
faces. Locomotives are normally used for underground transport; 20% of all
the coal is transported by belt conveyors.

Longwall mining proved the most effective mining method for the geo-
logical conditions in the basins of the USSR. Significant progress has been
made during the last two decades in the complete mechanization of face
operations and in the concentration of coal mining at high-output, productive
faces. A number of attempts to use room-and-pillar mining equipment have
failed because of the great depths and the geological conditions, which vary
over a wide range for different coal basins, as shown in Table 38.

TABLE 36 Characteristics of geological conditions of three coal basins in the USSR.

Donetsk basin Karaganda basin Pechora basin
Number of exploited coal beds 1-6 3-5 2-6
Average thickness of coal beds (m) 0.7-1.55 145-3.10 2.0-3.0
Maximum depth of mining operations (m) 415-1,050 370-600 175-350

Source: Astakhov (1977a).

The technological parameters of underground mines, in their turn, are
highly influenced by these geological conditions, as well as by the organiza-
tional structure of mining operations. Consequertly, one can observe a simi-
larly wide range of variation in technological parameters. Current average
data for the USSR as a whole, as well as for all mines of the major coal basins,
are presented in Table 37.

The general evolution of these parameters is influenced positively by
technical progress, but negatively by the worsening of geological conditions,
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TABLE 37 Average technological parameters for underground mines in the main coal basins of the USSR.

Parameter Average for USSR Donetsk Kuznetsk Karaganda
coal industry basin basin basin
Annual mine output
(10 1) 893 855 1,334 1,654
(10" kJ) 180 209 352 34.8
Average number of coal faces in
operation at a mine 5.6 6.4 7.2 5.7
Daily output per face (for a
working day) (t) 454 393 481 876
Annual number of working days 312 317 313 286
Daily number of machine-shifts Predominantly 3
Length of drivage per 10° t
coal produced (m) 14.5 143 20.7 10.2
Length of workings maintained
per 103 t annual output (m) 57.2 68.2 45.1 433
Tonnage of stone wound per
10% t coal produced 209 294 112 132

Source: Astakhov (1977b).

which will become more and more complex at greater depths. For a long time
the average rate of increase in the depth of mining in the Donbass was from
14 to 17m/yr. One can assume that this increase would counterbalance a
great share of the impacts of improvements in mining technology. The
impacts and economics of underground coal mining in the USSR will, on the
whole, depend very much on the rate of substitution of coal mined in the Don-
bass by coal produced under better conditions, such as in the Kuzbass. This
substitution is considered a necessity in the long run, though the rate of sub-
stitution is constrained by a variety of problems, including those of an insti-
tutional nature.

All these factors were taken into account in the estimation of technologi-
cal parameters for new coal mines. Most of these parameters, shown in Table
38, are assumed to be more favorable than those of mines in operation now.
However, the mines currently in operation will inevitably have Lo be recon-
structed every 15-20 years. The characteristics of these reconstructed mines
will not differ in principle from new mines that are planned now.
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TABLE 38 Estimated technological parameters for new mines in the USSR.

Parameter Donetsk Kuznetsk Karaganda Others
basin basin basin

Annual mine output (10% t) 1,800-4,000 1,200—1,800 1,800-4,000 450-4,500

Number of faces operating per mine 5-23 2-4 7-10 1-8

Daily output per face (t) 550—-1,400 1,350-1,500 600—1,800 330-1,875

Annual number of working days 260300 300 300 260-300

Daily number of machine-shifts 3 3 3 3

Length of mine workings maintained

(m/10% t annual capacity) 10-34 15-27 15-26 8-26

Specific volume of drivages for mine

construction (m®/t annual capacity) 150-440 125-135 130-200 67-275

Electromotive power installed

(kW/10? t annual capacity) 192 78 13.4 8.6

Source: Astakhov (1977b).

Manpower Requirements

The average labor requirements per 103t of (raw) coal production in the
USSR were around 410 man-shifts in the late 1970s. This corresponds to a
labor productivity of 2.44t per man-shift. About 76—89% of the total labor
requirements are for laborers, the rest are for engineers, managers, and
administrative personnel. Between 74 and 86% of the total number of laborers
work underground, and face workers represent typically around 30% (up to
50%) of this number. It is difficult to compare labor requirements with those
of other countries (e.g. the USA), not only because of the differences in tech-
nology and geology but also because the data on labor requirements in the
USSR include a great number of additional personnel engaged in indirect
activities such as equipment repair or social services (kindergartens, hostels,
etc.). The specific manpower requirements vary by a factor of more than 3
between mines in various basins in the USSR, being primarily the result of
the different geological conditions prevailing. Tables 39 and 40 show the main
geological /technological characteristics and the distribution of specific man-
power requirements for each type of operation in a number of mines operat-
ing in the USSR for which data (from 1977) are stored in the CMDB. The data
presented in Table 40 correspond to an underground productivity ranging
from 2.7 to 6.6t per man-shift in the Donbass and up to 8.3t per man-shift in
the Kuzbass. Total mine personnel productivity ranges from 1.7—4.3t per
man-shift in the Donbass to up to 5.6t per man-shift in the Pechora basin.
The total number of people employed per million tonnes of coal produced (in
1977) ranges from 690 to 2,392,
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Energy Requirements

The electricity requirements for a number of operating mines, as
presented in Table 41, range from 10.7 to 76.1 kWh per tonne of raw coal pro-
duced. Expressed in kilowatt-hours per tonne of coal equivalent produced,
the electricity requirements range from 10.3 to 104.5 kWh/tce, or between 0.4
and 4.3% of the energy produced, for a conversion efficiency from coal to elec-
tricity of 30%. The main electricity-consuming operations are the lifting of
coal and stone, ventilation, and water pumping. Therefore, it is the mining
depth that has the greatest effect on the quantity of electricity consumed,
along with the degree of mechanization.

Fuel consumption at underground mines does not exceed 1% of the
calorific value of the coal produced. It is mainly for heating air and water.

Material Requirements

The material requirements of the underground coal-mining process are
relatively low, as only auxiliary materials are used. Nevertheless, a list of the
materials consumed by the coal industry would include more than 2,000
items, excluding spare parts. Material requirements are also drastically
changing in the course of technical advances with respect to both quantity
and quality. Some geological factors, such as mining depth and seam thick-
ness, also influence these requirements. Table 41 includes data on the
material costs for a number of producing mines in the USSR with a wide
range of geclogical and technological conditions, resulting in material costs
ranging from 0.61 to 2.18 roubles (1977)* per tonne of raw coal produced.

The shares of some important items in the total cost of materials con-
sumed may be summarized as follows (Kravchenko 1979): timber, 21—40%;
explosives, 1-5%; spare parts, 7—19%; steel and ferroconcrete supports,
8-14%; steel supports, 1—14%; chains, etc., 3—11%; ventilation tubes, 3—4%;
cables, 3—5%; workers’ overalls, 8—10%; and other materials, 19-25%.

In terms of physical units, the most important materials are timber and
metals for roof support. About 25m° of timber and 1t of rolled metals are
consumed per 103t of coal mined. The above-listed distribution of material
costs and the requirements are representative of underground mines in the
Donetsk basin exploiting flat or inclined coal seams (Kravchenko 1979).

Detailed data on the material requirernents and costs of selected operat-
ing mines in the USSR are presented in Table 42.

*Because of the difficulty of comparing cost estimates in currencies that are not freely con-
vertible, cost data of USSR mines presented in this section have not been converted to the
common US${1975) values normally used throughout this report. Appendix D gives the pro-
posed conversion rates.
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TABLE 42 Material requirements and costs? (per 10% t raw coal produced) for selected operating underground
mines (excluding coal preparation) in the USSR.

Timber Explosives Metal or ferro- Spare Other Total
concrete supports parts materials
m’ Roubles kg Roubles  Number  Roubles Roubles  Roubles Roubles
(1977) (1977) (1977)  (1977) 1977 (1977)
Donetsk basin
Abakumov 30.2 857.7 58 267 64 204.8 162 929.2 2,180.4
Rossiya 136 4503 152 502 3 84.5 120 676.3 1,381.3
50-Letiya
Oktyabrya 56 2100 136 50.3 na. 200.0 110 230.5 800.8

Karaganda basin
Lenin 132 3210 44 30 4.1 82.0 84 367.0 857.0
Kostenko 6.2 200.1 82 29 2.5 92.0 140 571.2 1,006.2
Kazakhstanskaya 13.6 408.0 58 232 n.a. n.a. 90 753.6 1,274.8

Pechora basin
Intinskaya 8.1 206.2 19 7.6 n.a. 80.0 130 4552 879.0

4The conversion rate proposed is 1 rouble (1977) = 1.29 US $(1975) (see first footnote to Table 41).
Sources: Academy of Sciences of the USSR (1979) and Coal Mines Data Base, IIASA.

Environmental Impacts

Land regquirements and the impacts of mining activities on the area
undermined are of a completely different character for underground mining
compared with opencast mining. Land requirements are much higher than
for opencast mines, because of the thinner coal seams mined. Table 43
presents data on land requirements for operating mines of major coal basins
in the USSR. The total area leased for mining activities during the lifetime of
a mine ranges from 4 to 32 m? per tonne of annual mine capacity. The surface
area occupied by buildings, facilities, and waste rock piles usually lies within
a range from around 0.1 to 1.2 m? per tonne of annual coal output. The actual
surface areas undermined per tonne of raw coal produced are within a wide
range, from 0.14 to 0.83 m?, being highly influenced by the total thickness and
the dip of the coal seams. However, the impacts of underground mining
activities on the surface area are much less severe than for opencast mining
activities. In many cases there are no surface impacts at all. In the other
cases, where surface areas are affected (through subsidence), one cannot
ignore these negative impacts, though they are less dramatic than those of
opencast mining activities. The surface area affected by coal-mining opera-
tions is much smaller than the total area undermined. The scale of impacts,
as well as the necessity and type of surface reclamation activities, depends on
a number of factors, i.e. mining depth, thickness of coal seams, hardness of
upper rock strata, and, finally, on the methods of roof control.

Removal of water and waste rock. The amounts of water and waste rock
that have to be transported to the surface for disposal are important charac-
teristics of a mine, imposed by the prevailing hydrology and geology at the
individual mine. These amounts, in turn, greatly determine other resource
requirements (and the economics of production) at a mine.
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Water problems in underground mining are usually related to the distur-
bance of natural underground water flows and to the pumping of acidic mine
water to the surface. Water withdrawn from some mines is less than 0.5m3/t
raw coal produced, but in other mines it can reach 5—10 m3 (or tonnes) per
tonne of coal — for example, in the Podmoskovny (Moscow) coal basin. The
pumped mine water, if of sufficient quality, constitutes a potential water sup-
ply for industrial or human needs. Acidic water is estimated to be no more
than 7—10%, on average, of the total mine water pumped from mines of the
USSR at present, but this share will increase as mining activities go to
greater depths. Data from 1977 on water and waste rocks removed from a
number of underground mines in the USSR are presented in Table 44.

Coal recovery faclor. Coal left in safety pillars to prevent damage to
buildings and other objects on the mine surface typically constitutes about
6% of the total workable coal reserves in the USSR, and is practically lost for-
ever. This loss can only be slightly decreased in the future, since a substan-
tial number of such pillars are required because the mine surface is occupied
by industrial and civil buildings. In less densely populated areas the need for
such pillars is less mandatory. Additional pillars are required for the protec-
tion of the mine workings. These pillars are typically responsible for the loss
of about 9% of the total workable coal reserves. In principle, it is possible to
reduce some of these losses if pillars are partially extracted after they are no
longer required to protect mine workings (the total maintenance period of
mine workings ranges from a few months to many years). Finally, there are
additional operational losses of workable coal reserves related to seam thick-
ness, tectonics, and other factors.

The total amount of coal recovered from the workable reserves varies
from 60 to 86% for the USSR mines analyzed (i.e. coal losses are between 14
and 40%). In most mines the recovery rate is over 75%, significantly higher

than the recovery rate of up to 60% achieved in room-and-pillar mines (e.g. in
the USA).

Production Costs

The structure and level of production costs for underground mines are
drastically different from those typical of opencast mines, because of geologi-
cal and technical differences. At underground mines, coal is mined from
rather thin seams, thus limiting the possibilities for using large face equip-
ment. Furthermore, a large number of auxiliary operations are required to
provide normal working conditions underground.

A rough comparison of the two mining methods for the USSR leads to the
conclusion that the total production costs per tonne of coal at underground
mines in the Donbass are flve times higher than the average production costs
at opencast mines. The main factors determining this difference can be
described as follows. The ratio of the volume of excavated rocks to the coal
output is 25 times lower for underground mines in the Donbass, but expenses
per cubic meter of excavated rock are 20 times higher; thus the total cost of
waste rock removal per tonne of coal produced is slightly lower for under-
ground mines. However, coal face operations are much more expensive in
underground mining. Finally, the most important factor that should be con-
sidered is the great number of auxiliary operations necessary for
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underground coal mining: transportation, haulage, ventilation, etc. The cost
of these operations is an order of magnitude higher than for the opencast
mining method.

It should be stressed that the comparisons made above are not based on
considerations of similar bedding conditions for both technologies*. In fact
the conditions are very different, which explains the fundamental structural
differences of the two mining methods.

Table 45 shows the structure of production costs at selected operating
underground mines in the USSR. The most important element is labor: under-
ground coal mining is one of the most labor-intensive indusirial activities.
Thirty years ago labor costs accounted for two-thirds to three-quarters of the
total production costs at underground mines in the USSR. Progress in tech-
nology and engineering has reduced labor requirements by substitution with
equipment and materials. Nevertheless, labor costs currently still account for
a little less than half of the total costs of coal mining and, including social
expenses, account for about 50% of the total production costs.

Resource Requirements and Investment Costs for Construction

Data on 7resource requirements during the construction of a new mine
are, of course, more difficult to obtain than similar figures for the operation
period. Table 46 summarizes the resource requirements during the construc-
tion period for two planned underground mines in the Donetsk basin. The
resource requirements during and for the construction process may be sum-
marized as follows. About one man-shift is required per tonne of projected
annual coal output. About half of the labor requirements are for miners and
one-third for construction workers; the rest are for assembly workers. The
order of magnitude of the materials consumed per 103t of installed mine
capacity is as follows: 80m° of concrete and 35m® of cement, 30-50t of
metals (excluding equipment), 30—50 m?3 of wood, and 160-300m? of sand,
gravel, and other construction materials. The material consumption is of
course neither distributed uniformly in time (peak annual requirements are
given in Table 46) nor distributed equally between the surface facilities and
mine workings constructed.

Table 47 presents the results of a detailed data analysis of the distribu-
tion of materials included in the various installations (or funds) of a modern
mine in the Donbass. The mine produces coal from three seams with an
annual capacity of 750,000t of raw coal. Access is through vertical shafts to a
mining depth ranging from 530 to 690 m. Compared with the data presented
in Table 48, the material requirements are more complete since they include
not only construction materials but also the materials constituting the equip-
ment (approximately 3.51/103t installea annual capacity). However, one can
observe a wide range in these material requirements for the construction of
underground mines. The factors influencing this variation will be summarized
in the subsequent discussions on the investment costs of underground mines
in the USSR.

*A more detailed discussion of production costs of underground and opencast mines in the
USSR is presented by Astakhov and Onufriyev (1978).
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TABLE 46 Construction resource requirements and investment costs for two new underground mines in the

Donbass, USSR.

Zhdanovskaya Cap.

Hypothetical

Total requirements

Peak annual

Total requirements

during construc- requirements during construction
tion period (7 yr) period (80 months)
Manpower
Average number of persons
employed - 1,970 na.
Number of man-shifts (10%) 3,140.8 591.1 2,100
including:
Miners 1,611.5 385.1 n.a.
Construction workers 1,156.1 2576 n.a.
Equipment assembly workers 373.2 160.0 na.
Energy
Steam (for heating and hot
water) (t/hr) — 13.8 n.a
Materials
Prefabricated concrete and
ferroconcrete structures (10> m?) 123.6 23.8 na.
Metal structures (10% t) 76.1 147 254
Concrete (10 m?) 290.6 572 n.a.
Cement (10% t) 124.0 24 61.0
Wood (103 m?) 117.0 22 94.5
Sand, gravel, etc. (103 m?) 1,080.9 213.7 2854
Metals (steel) for rails, pipes,
etc. (103 1) 23.0 44 57.8
Water
Water consumed (106 m?) 0.86 0.13 n.a
Land
Land affected by construction (km?) 0.23 - na.
Investment costs
Total (10¢ roubles (1977)) 130 n.a 73
including:
Shaft and mine workings 514 11.71 47
Surface facilities 369 7.42 7
Equipment and assembly n.a. n.a. 14
Other n.a. n.a. N
Construction process
Earth and spoil moved (10° m*) 5.2 1.0 n.a.
Buildings and surface facilities (106 m?) 0.4 - 0.1
Volume of mine workings driven (10° m®) 0.55 na. 0.65
Characteristics of mine
Annual projected raw coal output (106 t) 3.6 1.8
Number of seams to be mined 2 1
Average seam thickness (m) 0.6—1.3 1.2
Mining depth (m) 415 1,070
Number of production faces S n.a.

Sources: Astakhov (1977b), Academy of Sciences of the USSR (1979), and Coal Mines Data Base, 11ASA.
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TABLE 47 Materials in buildings, surface facilities, mine workings, and equipment at the Novopavlovskaya
mine in the Donbass, USSR.

Material Buildings  Surface Shafts ~ Underground Equipment  Total
facilities workings
Concrete and ferroconcrete
(10®> m?) 5.6 1.8 32 12 - 22.6
Bricks (10%) 0.82 0.38 - — - 1.2
Sand, gravel, stone (10° m3) 22.5 122 6.2 10.8 - 51.7
Asphalt, bitumen (t) 20.0 400.0 — — — 420.0
Wood, timber (10> m®) 18.6 59 — — — 245
Rails (t) - 156 344 741 - 1,241
Iron and steel used in small
metal parts and sheets (t) 36 538 5.2 22.8 — 602
Iron and steel:
in equipment (t) - - - - 2,596 2,596
in roof supports (t) -- - 442 1,298 — 1,740
Pipes:
Iron (t) — 305 — 36 - 341
Steel (t) 30 64 62 130 - 286
Cement/ceramic (t) 45 - - - - 4.5
Nonferrous metals (t): 0.7 6.7 9.2 19.7 — 36.3
Cables (t) 0.7 59 9.2 109 - 26.7
Wires (t) — 0.8 — 8.8 — 9.6

Source: Academy of Sciences of the USSR (1979).

The specific direct investment cost for the construction period of a mine
in the Donbass, built under conditions typical of those in the 1960s, has been
estimated by Ivanov and Yevdokimov (1973) in the following terms:

i =23.6 —14.8/M + 29.8H/M (9)

where the specific investment cost i (roubles per tonne of annual installed
mine capacity) is a function of the size of the mine, M (the annual mine capa-
city in 108 t), and the mining depth H (km). Evolution of the geological condi-
tions and growing capital intensiveness have both contributed to considerably
higher actual figures than would be calculated using (9).

A very widely used index in Soviet statistics is the specific cost of indus-
trial buildings, related facilities, capital workings, and equipment. This
index*, referred to as "industrial basic funds,” can be considered as being
somewhat analogous to specific direct investment costs in the USA. Data
characterizing 1977 costs are presented in Table 48 for selected underground
mines in operation in the USSR.

*'Industrial basic funds” represent the book value of industrial buildings, facilities, and equip-
ment in an industrial plant as they appear in the plant's balance sheets for purposes of
amortization. The basic funds are often subdivided into "active basic funds'' (equipment) and
"passive basic funds” (buildings and facilities).
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A statistical analysis performed on mines in the Donbass in 1989 gives
some insight into the factors influencing the index mentioned (Astakhov and
Moskvin 1989). The specific cost of buildings, facilities, capital workings, and
equipment decreases by 2.5% if the seam thickness increases by 10%. It grows
by 15% if the weight of a cubic meter of coal grows by 10%. As gas emissions
increase by 107, this direct investment cost index increases by 0.8%.

Alymov el al. (1972) suggest that this specific cost index for mines in
operation in the Donbass can be described by

;- _ 8145 {0247 0.357 ,0.119 ;0.143 0
p0-234 10,259 ,,0.437 0215 ;0.50 ;0.163

where

i is the capital intensity (roubles (1970/71) per tonne of annual mine
capacity);

H is the mining depth (m);

is the total length of the main workings (m/ 103t annual coal output);

is the energy consumption per man-hour (kWh);

is the ratio of waste rock to coal output (%);

is the productivity of a coal bed (t/m?);

is the average length of a face (m);

is the average rate of face advance (m/month);

is the number of operating faces per 100t daily coal output;

is the share of the equipment cost in the total investment cost (i.e.

the basic funds) (%);

is the ratio of actual to projected mine output ().

R 3~V oe N~

.

Equation (10) was prepared by the authors at the beginning of the 1970s.
Again one can observe that this type of economic index, or any equation used
to calculate it, is more quickly outdated by economic trends (i.e. the actual
fisures are considerably higher), even in a centrally planned economy, than
are the physical indicators on which the economic calculations are based.
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4.2.1.3 Underground Mines in Other Countries: Examples from Fraonce,
Austria, and Australia

The WELMM study on resource requirements for coal mining was
expanded to cover a number of underground mines in coal regions of the
world other than the USA and USSR. Unfortunately, the choice of mines was
determined not so much by the actual {or future) potential of coal mining in
particular basins but rather by the availability of detailed WELMM data. How-
ever, the examples to be discussed in this section provide a first basis for
understanding natural resource requirements and problems of coal-mining
activities (even if they cannot be considered as "representative’) in basins in
Europe and Australia. Input data were prepared according to the same
methodological approach as was used in the previous parts of Section 4. The
data analyzed describe the French Lorraine basin; two Austrian mines work-
ing in typical, small Alpine lignite deposits; and an underground mine in the
Sydney basin in Australia, a basin with considerable coal reserves and of
importance for the world coal market.

The Lorraine basin, France. The Lorraine basin* is located at the
French—German border in the French Moselle département, and forms a pro-
longation of the German Saar basin. The geology of the basin is quite com-
plex, with tectonic faulting, methane emanation, extremely high water inflow,
and relatively thin coal seams. The succession of flexures and the presence of
faults result in a range of seam dipping from horizontal to vertical. A similar
variety is encountered in the number, thickness, and density of the coal
seams. In 1977, the average seam thickness mined was 2.35m and the average
mining depth was 760 m for the whole basin.

Coal production is currently about 10 million tonnes of clean coal per
year. The cumulative past production (from 1830 to 1979) amounts to 600
million tonnes, and the remaining recoverable reserves are 240 million
tonnes. Raw coal production amounts to 13.8 million tonnes per year. There-
fore, about 28% of the weight of the raw coal is removed in the coal prepara-
tion process. The average ash content of clean coal is 13.4%. Higher calorific
values of clean coal range from 33.5 to 35.6 MJ/kg.

In flat or slightly inclined seams (0—30°), longwall mining (advancing or
retreating) is used either with caving or with pneumatic stowing to limit sur-
face subsidence. In inclined and steep seams, hydraulic stowing is used
exclusively. In 1977, 52% of production came from mechanized faces, the rest
was mined using explosives.

The manpower requirements for coal mining and preparation amounted
to 2,130 persons per million tonnes of clean coal produced in 1977, 80% being
underground personnel. Underground productivity was 4.39t per man-shift
and that of the total mine (including coal preparation) was 2.66t per man-
shift in 1977.

The electricity requirements for pumping water from the mines alone
are 28kWh per tonne of clean coal produced, whereas the total electricity
consumption is 99kWh/t clean coal (40kWh/t are consumed underground).

*Data on the Lorraine basin were supplied mainly by Charbonnages de France (Lechevin 1979),
additional data being derived from Coenillet (1280).
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The energy requirements appear to be particularly high as a result of the
great mining depth and extremely high water inflow (8.5 m3/t) in the Lorraine
basin. However, the overall energy efficiency of the coal-mining process, even
under these extreme conditions, is still very high. For a total of 11.5Mtce
energy produced only 0.44Mtce are autoconsumed to produce the necessary
electricity for mining operations (i.e. 3.9% of the total coal production).

Equipment installed in the Lorraine basin for coal mining includes 35
single- or double-drum shearers, 80 selective cut-heading machines adapted
to stoping, 6 continuous miners, and over 4,000 percussion, air, and rotary
drills. The mining equipment and the additional roof support equipment
installed amount to about 10,000t (i.e. 1kg per tonne of net annual produc-
tion capacity). For underground transport, 175 locomotives, 7,000 cars, and
450km of rails are in service, as well as 81 kin of conveyor belts and 1Bkm of
chain conveyors. Coal transportation at the faces is carried out by chain con-
veyors of a total length of 50km.

The annual specific material consumption can be summarized as follows:

a. Wood. 0.0186 m3 per tonne of clean coal produced.

b. Sand. At most faces (i.e. for 60% of total coal production) hydraulic
stowing is used. For this purpose, sand produced in special quarries and
schists from coal preparation (around 5% of total stowing material) are mixed
with water and pumped underground. Each day 22,000 m? of sand and schists
dispersed in 11,000 m?3 of water are transported underground. The water is
then recovered and pumped out again. Total sand requirements are about
4-10%m3 per year or around 700kg of sand per tonne of clean coal produced.

c. Fxplosives. 0.25kg per tonne of clean coal produced.

d. Metals. In addition to the imetals in the main equipment items
{around 10,000t), each year about 20,000t of metals are consumed as roof
support materials. The main items are metal sets and laggings (15,000t/yr)
and roof bolts (around 106/yr). Specific metal requirements estimated for the
operational period are therefore of the order of 2kg per tonne of clean coal
produced.

The total land area directly occupied by surface installations and mine-
related facilities (excluding gower plants, rail lines, and villages occupied by
mine employees) is 9.72km*, or about 1m? per tonne of clean coal annual
capacity.

The total undermined area in so-called "stabilized zones™ (where exploi-
tation finished more than five years ago) is 46.3km?. In "nonstabilized zones"
(i.,e. in which exploitation finished less than five years ago, which are
currently being undermined, or which are envisaged for exploitation in the
near future) the undermined area amounts to 38km? The area affected by
subsidence is approximately 80km? in stabilized zones and around 60km?
nonstabilized zones (i.e. 6 m? per tonne of coal annual capacity).

The water inflow to mines in the Lorraine basin is extremely high: about
8.5m3 per tonne of clean coal produced. 1t influences all natural resource
requiremenls and cost indices of coal mining in the basin. One example,
which has already been mentioned, is the influence on the energy
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requirements: 3.3kWh are required for pumping one tonne (1rr13) of water;
thus 28kWh are needed per tonne of clean coal produced, or nearly 30% of the
total energy requirements.

The Trimmelkam and Schmitzberg—Hinterschlagen mines, Austria. Both
mines are very similar in their deposits as well as the technologies used*.
Annual output in both cases is currently 610,000 tonnes of raw coal. Two flat
lignite seams at a maximum depth of 160—170m are exploited in each mine
by longwall mining. The average seam thickness is 1.7-2.2m; the moisture
content of the raw coal is 30—40%, and its average ash content is 14—24%. The
calorific value of the raw coal produced is around 11.7 MJ/kg. Longwall min-
ing with caving is used; transport operations are made by belt conveyors;
access is provided by drifts.

The construction period of the Trimmelkam mine was four years.
Electricity requirements during mine construction were 0.74kWh per tonne
of annual mine capacity installed**. Motor fuel requirements were 0.13 liter
per tonne of annual capacity. Material requirements for construction
included 14.7t of steel and 58.8m° of concrete per 103t of installed capacity.
The amount of waste rocks mined out during construction was 0.29 mS
(approximately 0.65t) per tonne of installed capacity. The operational WELMM
requirements for both mines are summarized in Table 49.

Labor requirements are between 1,200 and 1,380 persons per million
tonnes of raw coal produced annually. The corresponding labor productivities
for the mines (excluding coal preparation) are 4.45 and 3.85t per man-shift,
respectively. Most of the energy requirements are for electricity (from two-
thirds up to more than 90%); the electricity requirements range from 12.9 to
15.7kWh/t raw coal produced. Material costs are between 36.2 and 48.9
AS(1980)/t raw coal produced, or between 1.6 and 2.2 US$(1975)*+*/t.

Environmental impacts per tonne of raw coal produced include a mine
water discharge of up to 2mS3, solid waste (from the mine and preparation
plant) of up to 0.44t, and an undermined surface area of around 0.41 m?.

The Tahmoor mine, Australia. The Tahmoor minet is located in the
southwestern coalfield of the Sydney basin in New South Wales. Current coal
reserves in the Sydney basin are estimated to amounl to 23 - 10%t 4n situ.
Production in the basin in 1979/80 was 41.2 - 108t of clean coal per year, of
which 21.9 - 108t were exporled (or 50% of the total coal exports of Australia)
{Joint Coal Board 1980). The future polential for increasing coal production
for export markets is considerable. The Tahmoor mine is projected Lo exploit
around 100 million tonnes of medium coking coal reserves over a lifetime of
27 years. A flal coal seam 21 thick is to be mined at the maximum depth of
460m (average mining depth 410m) with a recovery rate of 61%. Coking coal
has a calorific value of 31.4MJ/kg and a sulfur content of 0.35%; the ash con-
tent of washed coal is about 8%.

*Data are based on questionnaires provided by the mining companies and on field trips.

**All construction data are based on 680,000 tonnes of raw coal annual capacity (projected).
***Conversion rates are given in Appendix D.

tData are derived from Dames and Moore (1975) and a questionnaire completed by the mining
company.
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The projected mine capacity is 2.61 million tonnes of raw coal per year.
Access is provided by two access shafts for workers and one inclined drift for
coal haulage. The mining system to be used is the board-and-pillar system
with continuous miners and shuttle cars. The mine is expected to operate for
230 days per year with 3 shifts (each of 7 hours) per day. The mine construc-
tion period is supposed to be 3.5 years; an additional 4 years will be required
to reach anticipated full mine output. The specific resource requirements for
the construction of the mine are presented in Table 50. Construction man-
power requirements peak at 109 persons employed, mostly from contractors.
The total weight of field materials required (timber, steel, concrete, etc.)
amounts to approximately 38,000t (i.e. 14.5kg/t installed annual capacity).
An additional 0.27m3 of stone has to be excavated per tonne of installed
annual capacity. The specific investment costs for shafts, buildings, and sur-
face facilities are 5.43A(1977) per tonne of raw coal capacity (or 5.6
US$(1975)/t)*. Total capital costs are 11.58A(1977) per tonne of raw coal
capacity. The total land area leased for mining activities is 1.15m2/t, and the
area temporarily occupied or affected by construction is 0.57 m?/t (including
0.27 m? for buildings, facilities, and waste rock piles). (All values here are per
tonne of raw coal annual capacity installed.)

TABLE 50 Specific resource requirements for the construction of
an underground mine in the Sydney basin, Australia producing
2.6 million tonnes of raw coal per year.

Type of resource Resource requirements
(per 10° t raw coal
annual capacity)

Peak annual manpower (persons):

Manual, technical 9.6
Manual, nontechnical 28.4
Nonmanual, technical 2.3
Nonmanual, nontechnical 1.5
Total 41.8

Total manpower over construction

period (man-years) 200 (approx.)
Construction materials

(excluding equipment).

Timber (m?) 230
Steel (t) 958
Concrete (m?) 5,364
Copper (t) 38
Excavated stone (m?) 26,820

Investment costs:
Shafts, buildings, and surface
facilities (10° $A(1977)) 5.4

Total capital costs 11.5
Source: Coal Mines Data Base, ITASA.

*Appendix D gives the conversion rates used.
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The estimated resource requirements for the operational period include
230.8 persons employed per million tonnes of raw coal produced, including
219.2 miners. The total specific manpower requirements can be further disag-
gregated into the following categories: nonmanual, technical, 7.7, nonmanual,
nontechnical, 3.8; manual, technical, 46.2; and manual, nontechnical, 173.1
persons per million tonnes of raw coal produced. Based on the projected 230
working days per year, the labor productivity at the mine is estimated at
18.8% of raw coal per man-shift, which is nearly twice as high as the 1979780
average productivity at underground mines in New South Wales (9.8t of raw
coal per man-shift). Material requirements include 6.9t of timber and 0.085t
of steel per 103t of raw coal produced. The amount of solid waste produced is
around 0.3t per tonne of raw coal produced. The surface area affected by sub-
sidence per year is not more than 0.077 m? per tonne of raw coal produced.
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4.2.2 Statistical Analysis of Factors Influencing Natural Resource
Requirements and Economics of Underground Mining

For an analysis of the resource requirements of underground coal min-
ing, one first has to distinguish between the two different mining systems:
room-and-pillar mining, predominantly used in the USA and Australia, and
longwall mining, employed in Europe and the USSR. In this analysis, however,
the main emphasis will be on longwall mines (excluding hydraulic mines,
owing to the differences outlined in the structural analysis, Section 4.2.1).
Unfortunately, the available data base for room-and-pillar mining is, at
present, still insufficient to permit a detailed analysis; in addition, there is
concern about data reliability, particularly of the estimates derived from a
number of studies by the US Bureau of Mines, also mentioned earlier (Katell
and Hemingway 1974a, b, Katell ef al. 1976b).

The analysis of underground mines at the aggregate level of the mine
camn, of course, only take into consideration the complex relationships of geol-
ogy and resource requirements in a simplified form. Many additional
influences (tectonics, roof and floor conditions, etc.) are either unquantifiable
or difficult to take into account at the aggregate level considered for the
analysis (i.e. the underground mine, but excluding coal preparation). There-
fore, the analysis will consider only a few main influencing factors {mining
depth, seam thickness, mine size, water inflow, etc.) that are systematically
available in the data base for all mines. The analysis is further complicated
by the fact that many of the "independent” variables that should be taken
into account are not really independent of each other. For example, tectonic
faults, strata temperature, etc. are closely related to mining depth. On one
hand, this alleviates the problem of simplification if, for instance, only the
mining depth is taken into account. On the other hand, it attributes more
importance to the influence of this particular (aggregate) variable than the
variable has if considered alone. The direct influence in the case of the min-
ing depth would be simply the influence of the transportation distances to the
surface and of the ventilation requirements. A similar problem is
represented in the actual data available for the analysis: very deep mines
tend to exploit thinner seams, both factors implying, within a given economic
context, that these mines also have generally higher capacities. In this
respect, the data reflect nothing more than reality; only a limited range, or a
certain combination, of the main deposit and technological characteristics
corresponds to conditions in which mining is feasible for a given technology
and economic environment.

Within the data sample available for analysis, a relationship can be
observed between the maximum mining depth* and the average seam thick-
ness mined, as well as with the mine output. The first relationship is
represented by:

*The maximum mining depth was taken as variable instead of the average mining depth be-
cause data on the former were more systematically available and therefore the number of ob-
servations for analysis of the natural resource requirements could be considerably increased.
Similar analyses, as represented by eqns. (11) and (12) but with the average mining depth as
variable, reveal the same type of relationship.
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Savg = 2.396 — 0.564Dmax (11)
s (0.517) (0.203)
n =58
RDmax =0.35
2 —
RDmax =012 ,
where*

Savg is the average seam thickness mined (m);
Dpax 1s the maximum mining depth (km).
This relationship can be seen as aresult of both the genesis of the deposit and
the fact that very thick seams at greater depths (if such seams exist) prove
difficult and costly to mine, and might not be considered as recoverable
within given economic and technological conditions.

The relationship between maximum mining depth and the mine output
variable is represented by:

0 = 1.45 + 2.35D (12)
raw max
s (1.584) (0.621)
n =58
Rpax = 0.45
RE < =0.20
where

. . 6
0,4y 1s the annual mine output (10°t raw coal per year).

This relationship reflects primarily the fact that coal at greater depths is
more costly to produce. An effective way to offset these negative economic
effects is to reduce the fixed costs per unit of output by developing high-
output faces and high mine capacities with resulting economies of scale.

Of course, the fit of the available data by egns. (11) and (12) is not very
good, but it confirms earlier discussions in this report about the influence of
natural conditions on the intensity of mining operations as well as on techno-
logical and organizational decisions, with the consequence that only a certain
combination {or range of combinations) of deposit characteristics proves to
be actually mineable.

Based on the consideration of the linearity of eqns. (11) and (1), any
transformation of variables (e.g. in the form of residuals from {11) and (12))
to take into account this relationship between the geological and

*The variable definitions, once presented, will not be repeated in the following equations and
figures. They are summarized in Appendix B.1. Minimum and maximum values of the variables
presented in the various equations and figures are summarized in Appendix B.2. Equation (3)
gives the definitions of standard errors and multiple correlation coefficients.
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technological variables will not affect* the statistical significance of their
influence or the overall fit of the equation or the predicted values of any par-
ticular resource requirement variable studied by a linear regression model.
Therefore, it is not possible to improve the fit of this model or the values
predicted by using it with the original independent variables: in this case,
maximum mining depth, average seam thickness, and mine output. This is an
inherent feature of the stepwise linear regression model used for analysis and
of the linearity of the relationship between the geological and technological
variables in (11) and (12).

In view of the considerations above, the observed influence of some vari-
ables has therefore to be interpreted as being due partly to the available data
base rather than as a completely accurate estimation of their relative impor-
tance or actual influence on the particular dependemnt variable studied. How-
ever, in the analysis presented the influence of the principal factors studied
is important enough to justify an analysis even at an aggregate level.

Labor Requirements

The labor requirements of underground coal mining, which is one of the
most labor-intensive industrial activities, could represent the most impor-
tant obstacle to future increases in production from underground mines. The
limited availability of qualified labor, problemns of absenteeism, and the
resulting research to achieve greater productivity by mechanization, or even
complete substitution of underground personnel, are concerns for all coal-
producing countries.

The issue whether the huge increases in coal output from underground
mines that are projected in many global and national energy studies are
feasible in the light of the labor requirements and resulting social or institu-
tional problems has not received sufficient attenlion as yet. Because of the
critical importance of certain skills (those of miners, for example), this
analysis will first consider the underground personnel requirements and then
the labor requirements for the whole mine. Supplementary statistical data
on manpower requirements at a number of operating mines in various FEuro-
pean countries (Bulgaria, France, the Federal Republic of Germany, Poland,
and the United Kingdom) were available at ITASA and have been included in
the analysis of the data contaired in the CMDB.

The result of an analysis of underground productivily is presented here:

Pyng = 524 + 0460, — 1.43D,,, — 0360 + 0.67S5,, (13)
s (1.03) (0.10) (0.61) (0.12)  (0.32)
n =43

RDraw = 0.46, ROraw,Dmax = 0.60, RDraw,DmaX,W = 0.88, ROraw,Dmax,W,Savg =072

I

R02raw 0.21, Rozraw,Dmax = 0.36, R02raw,Dmax,W =0.47, Razraw,Dmax,W,Savg =0.62
*This is contrary to the statistical analysis for opencast mines (Section 4.1.2). For opencast
mines, because of the nonlinearity of the relationship belween the overburden tao coal ratio
and the mine ontput variable the residuals from this relationship were also considered in or-
der to verify whether the transformation of the mine output variable improved the fit of the
linear regression models of the specific resource requirements.
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where

P, ,q1s the underground labor productivity (tonnes of raw (run-of-mine)
coal per shift worked);
W  is the water inflow (m3 per tonne of raw coal produced).

Only mines exploiting flat or slightly inclined seams (up to 22.5°, or 25
gon) were considered for the analysis as represented by eqn. (13). For mines
exploiting more steeply inclined seams, the productivity can be up to 30%
lower than the value suggested by eqn. (13). The underground productivity
was chosen as a dependent variable, instead of the specific underground labor
requirements, because it is calculated using the number of shifts effectively
worked underground (and thus includes overtime, for instance) and is there-
fore a more accurate measure.

One can conclude that the underground productivity increases with
mine size and seam thickness, whereas it is negatively correlated with min-
ing depth and water inflow. Of course, the effects of these variables are not
unlimited: for instance, the technical possibilities of longwall mining are
effective only at seam thicknesses of up to 5m; if the seam is even thicker
the productivity decreases because of the necessity of working additional
(production) slices. Therefore, the suggested linear regression model has to
be interpreted only as representing the relationship within the given limited
range of values*.

For an analysis of possible bottlenecks in the labor requirements of
underground coal mining it is of course of interest to see how the produc-
tivity figures translate into the actual underground manpower requirements
(mostly miners). The following equation presents the result for annual raw
coal tonnage per person employed (only underground personnel are con-
sidered), in analogy with eqn. (13):

Oppuna = 1.044 + 0.2065,,, + 0.0870.,, — 0.364D_. — 0.067% (14)
s (0.223) (0.069) (0.022) (0.134) (0.026)

n =43

RSavg =045, RSavg,Oraw = 0.60, RSavg,Oraw,Dmax =0.67, RSavg,Oraw,Dmax,W =0.73

2 - 2 - 2 - 2 —
RSavg =0.20, RSavg,Oraw = 0.36, RSavg,Oraw,Dmax = 0.45, RSavg,Oraw,Dmax,W = 0.53

where

Oypung 18 the annual raw coal output per unit of underground person-
nel employed (103 t per year per person).

*The reader is again referred to Appendix B.2, which presents the value ranges for the
different variables included in the equations.
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In summary, one can conclude that the underground labor productivity
is determined to a large extent by the mine size, the average seam thickness
mined, the maximum mining depth, and the water inflow. The overall approx-
imation of the underground personnel productivity (tonnes produced per per-
son employed) (or the reciprocal value: the specific underground labor
requirements) is quite good, although the individual, independent variables
have different degrees of influence.

Another conclusion, possibly the most important, is that the data on
underground labor requirements from a variety of Western and Eastern Euro-
pean countries (including the USSR) are quite comparable, even at the aggre-
gate level (longwall mining of flat or slightly inclined seams)} considered for
analysis. Finally, it appears that a particularly good possibility for compensat-
ing productivity losses caused by worsening geological conditions lies in the
concentration of production in high-output mines, a historical trend that, in
view of worsening mining conditions, is going to continue in the future at a
significant rate. This is also indicated in Figure 17, which presents the total
underground personnel requirements and the underground labor productivity
as functions of the mine size.

For the analysis of the total maenpower reguirements for the mine (in
terms of labor productivity as well as specific manpower requirements) only
the reciprocal values of the specific manpower requirements were con-
sidered. The reason for this was that, after careful analysis of the available
data, it appeared that (in contrast to data on underground productivity) the
total mine productivity data were by no means calculated in a coherent form.
This became especially clear when they were compared with the total number
of personnel employed at a mine {or the specific manpower requirements):
the available mine productivity data seem occasionally to exclude personnel
for related services (social, health, ete.), a fact that can be attributed partly
to different accounling methods in the various countries from which the data
originate, though not entirely, because the same can also be observed in
comparing the data from mines within the same country. Therefore, in view
of the inconsistencies in the way the total mine productivity is calculated
between different countries, and even between different mines in the same
country, the total number of persons employed (including those in all related
services but excluding coal preparation) and the indices derived from it were
taken into account. The following equation presents the result for the annual
raw coal tonnage per person employed (equivalent to eqn. (14), where only
the underground personnel were considered):

Omptot = 0.487 + 0.0770,4, + 0.1895,,, — 0.069% (15)
s (0.175) (0.015) (0.049) (0.021)
n =43

ROraw = 0.54, ROraw,Savg =0.67, ROraw,Savg,W =076
2 — 2 — 2 —
ROraw = 0.29, ROraw,Savg = 0.45, HOraw,Savg,W =0.57

where
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FIGURE 17 Underground productivity {(f;) and total number of underground person-
nel (fz) as functions of mine size, for longwall mines exploiting flat or slightly in-
clined coal seamis.

Source: Coal Mines Data Base, [IASA.

The confidence bands represent a probability of 0.9 that the true mean value of yy for
any x considered lies within the indicated limits around the predicted value §,. This
applies to all confidence bands in subsequent figures.

Oypior 18 the annual raw coal output per unit of mine personnel
employed (including social and other services but excluding coal
preparation) (103t per year per person).

The first observation on eqn. (15) is that the maximum mining depth did
not pass the 90% significance test and appears not to be a significant
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influencing variable, as was the case for the underground manpower require-
ments. It appears that the influence of the mining depth on the underground
manpower productivity (and requirements) is not important enough to have a
significant effect on the totals for the whole mine. This phenomenon can be
partly explained by the fact that mines operating at greater depths are usu-
ally more recently opened, with higher output and modern surface installa-
tions (and thus higher surface labor productivity), thus counterbalancing the
adverse effects of mining depth on underground manpower productivity. Fig-
ure 18 shows the specific manpower requirements (the reciprocal of the
dependent variable in eqn. (15)) and the total manpower employed plotted
against mine size.

A preliminary analysis of the manpower requirements for room-and-
pillar mines in the USA shows the same type of relationship as found for
longwall mines: the specific manpower decreases with greater seam thickness
mined and higher mine output. In fact, the economy of scale with respect to
manpower requirements appears to be much stronger at room-and-pillar
mines than at longwall mines; this is in addition to the much smaller labor
requirements associated in general with room-and-pillar mining. Unfor-
tunately, the available data base is not yet sufficient (or coherent enough) to
suggest a particular reliable regression equation.

Electricity Requirements

The electricity requirements, as the most important energy require-
ments at longwall mines, are largely determined by the mining depth (elec-
tricity requirements for ventilation and for transport and lifling of materi-
als), the degree of mechanization, and the extent of the mine workings, which
in turn are closely related Lo the mine output; and by the water inflow (elec-
tricity requirements for water pumping). The infiuence of mining depth and
mine output is so strong that the specific electricity requirements increase
in a nonlinear fashion with these two factors.

Equation (18) presents the result of the analysis of the specific electric-
ity requirements as a function of maximum mining depth and mine output:

In Bl . = 2276 + 1.226D,,, + 0.2020., (18)
s (0.426) (0.384) (0.108)
n =21

RDmax =0.74, RDmax,Oraw =0.78
2 — 2 —
RDmax =0.54, RDmax,Oraw = 0.62
where

Bl represents the specific electricity requirements (excluding coal
preparation) (kWh per tonne of raw coal produced).

No significant influence of the average seam thickness mined on the electric-
ity requirements was found in the data sample available for analysis. The
residual from the electricity requirements predicted from (18) was then
further analyzed to include the water inflow (a linear type of relationship)
too:
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FIGURE 18 Specific manpower and total number of mine personnel employed (ex-
cluding coal preparation) plotted against mine size for longwall mines exploiting flat
or slightly inclined coal seams.

Source: Coal Mines Data Base, 1IASA.

Elyay == 4626 + 10438l 4 + 3.615% (17)
s (14.052) (0.198) (1.637)
n =21

REZpred = 079, RElpred,W = 0.84

- 2 -
RE%pred = 0.62, HElpred,W = 0.70
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where

Elpred is the value of the specific electricity requirements predicted
from eqn. (18).

Substituting (186) into (17) yields:
Fl,., = —4.626 + 10.153 exp(1.226 D, + 0.2020,,,) + 3.615W (18)

The specific electricity requirements thus increase with water inflow, mining
depth, and mine output*.

Similar analyses performed for all operating longwall mines in the USSR
in 1976 (Astakhov 1977b) indicate that the increase of the specific electricity
requirements with the mining depth is particularly important at mines
exploiting thin seams (up to 1.5m average thickness). In comparing the
results from Astakhov (1977b) with the relationship obtained from eqns. (18)
and (18) (shown in Figure 19), one can say that the result obtained is in good
agreement with the empirical data from operating mines in the USSR for
mines exploiting seam thicknesses over 2.2m, or even over 1.5m (square and
triangle data plots, Figure 19). However, for mines exploiting thin seams, the
values contained in the CMDB (including those from the USSR) are lower than
suggested by the steep exponential curve based on an analysis of all operating
longwall mines in the USSR. The difference may be attributed partly to the
fact that no mine in the CMDB exploits seams thinner than 1.2m, so that the
interval for comparison of thin seams is not the same, and partly to
differences in energy intensiveness when comparing a few modern mines with
average indices for the whole coal-mining industry of a country. For a better
overview, the data contained in the CMDB are plotted differently for the same
seam thickness intervals as are used in the relationships from Astakhov
(1977b). The electricity requirements predicted irom eqn. (18) (including the
influence of mine output and water inflow) are also plotted.

With respect to electricity requirements for water pumping, it should be
mentioned that electricity consumption at hydraulic mines is considerably
higher: up to 35kWh/t more than at mines operating under similar condi-
tions; the total electricity requirements at hydraulic mines can thus reach
over 50kWh/t.

Electricity requirements for room-and-pillar mining are considerably
lower than for longwall mines, ranging from 13 to 21 kWh/t as compared with
up to B7.3kWh/t for longwall mines (values from the CMDB). This is mainly the
result of very good mining conditions and high-capacity equipment charac-
teristic of room-and-pillar mines.

*This negative economy of scale can be explained by the fact that high-output underground
mines require extensive underground workings to support the high cutput from a number of
faces. Extensive workings result in additional energy requirements for ventilation and trans-
port of materials, personnel, and coal. In addition, high-output mines are usually more re-
cently opened with a higher degree of mechanization, resulting in higher specific energy (i.e.
electricity) requirements and, more importantly, in higher labor productivity, as shown in the
discussion of manpower requirements. Thus, in high-output mines labor is substituted by
equipment, resulting in higher energy requirements.
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FIGURE 19 Specific electricity requirements as a function of mining depth for
longwall mines in the Coal Mines Data Base, IIASA. For comparison, the same type of
relationship is shown for longwall mines in the USSR (source: Astakhov 1977b).

Material Requirements

The large variety of materials consumed at underground mines makes it
necessary to analyze the material requirements mainly in terms of cost. How-
ever, owing to the problem of comparing economic data, especially between
centrally planned and market economies, as well as to the different account-
ing methods for material costs in different countries (for example, these
costs sometimes include expenses for energy (motor fuel, etc.)), only data
from longwall mines in the USSR were analyzed.
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The most important factor influencing the material requirements was
shown to be the average seam thickness mined. Figure 20 presents the result
of the analysis and compares it with the same type of relationship obtained
from an analysis of 1976 operating data on all longwall mines in the USSR
(taken from Astakhov 1977b). As can be seen, the shapes of the two curves are
nearly the same but the data contained in the CMDB are of a lower range (in
addition to the one-year difference in base years): the reason for this is that
the CMDB includes mainly recently opened or modernized mines, the indices
of which are of course better than those obtained by considering all mines of
a country. However, the fact that the analysis has shown a very similar trend,
even on the basis of very few observations, can be considered a positive
result.

3.0+

251 \ All longwall mines in USSR (1976)

20T

Specific material costs Matspec (roubles (1977)/1)

10T
In Mat .. = 0.833 —0.315 S, .
051 $ ., =(0é45} (0.089) 90% confidence bands
R=0.70, RZ = 0.49
0 0:.5 1fo 155 2:.0 5'.5 3=.o 3f5

Average seam thickness Savg (m)

FIGURE 20 Relationship between the specific material costs and the average seam
thickness mined for longwall mines in the USSR (plotted points are from the Coal
Mines Data Base, IIASA), compared with the same type of relationship based on an
analysis of all operating longwall mines in the USSR (source: Astakhov 1977b).

Another variable that affects specific material costs is the mining depth.
The results shown in Figure 21 are again based on 1976 operating data for all
longwall mines in the USSR. However, within the small data sample analyzed
the mining depth (and mine output) did not pass the significance tests, and
the results as presented in Figure 21 could not be compared with the data
sample presently available. The data in the CMDB are difficult to compare with
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the values suggested by Figure 21 because of the difference between data
from large modern mines and indices on all operating mines of a country, and
because the depth of the mines in the CMDB is also far greater (as much as
1,070 m).
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FIGURE 21 Relationship between the specific material costs and mining depth, based
on an analysis of 1976 operating data for all longwall mines in the USSR.
Source: Astakhov (1977b).

Although the different material items can easily be aggregated when
dealing in terms of cost, it would be more desirable to make a separate
analysis for the most important materials, based on physical quantities.
These can then more reasonably be compared between different countries.
However, up to now, material requirements in physical terms are available
only from the mines in the USSR, and even these only for a few items (wood,
explosives, etc.) and not systemati/cally. Therefore, a more detailed analysis
of the material requirements would still require considerable effort in data
collectiomn.

Environmental Impacts

The environmental impacts of underground coal mining are primarily on
the land required for mining and on the amount of waste rock produced that
has to be disposed of at the surface.

The direct land requirements are limited to the areas for surface instal-
lations (such as shafts and coal preparation facilities). The surface area
undermined (and thus the area that could be affected by subsidence)
amounts, on average, to 0.4m? per tonne of raw coal produced for the mines
recorded in the CMDB. It depends very much on the total thickness of the coal
seams mined, their angle of dip, and the density of coal in silu. The area
undermined decreases when any of these factors increase. However, the char-
acter of the distortions of surface areas is quite different under different min-
ing conditions.
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The extent of surface subsidence, as well as the presence or absence of
additional damage (faults), is highly dependent on the technology used for
coal mining and on the engineering measures applied for roof control.

Room-and-pillar mines usually have less significant surface subsidence,
especially compared with longwall mining, but this is counterbalanced by a
considerable loss of coal reserves left in the pillars. Land disturbance by
longwall mines is also generally not very serious, because if the entire roof is
allowed to collapse there is usually a relatively uniform and smooth sub-
sidence of the surface area. Nevertheless the characteristics of this sub-
sidence, as well as depending on the thickness of the coal seam, depend
highly on the geology of the overlying rock strata, and in consequence it is
difficult to perform a numerical analysis of their influence. Still one can con-
clude that the effects of surface subsidence are more serious at mines
exploiting thick coal seams at shallow depths.

The amount of waste rock produced has a direct effect on the energy
consumption, the land areas required for waste rock piles, and on the cost of
coal production in general. In its turn, the amount of waste rock mined out
per tonne of coal produced depends on the average seam thickness mined; on
the presence of rocks being mined out together with coal; on the physical
properties of the rock strata surrounding the coal seam; and, finally, on the
extent of development workings underground (which is closely related to the
mining depth and the mine size). The analysis was performed on the data
from the CMDB and included additional statistical data from other Western
and Eastern Buropean countries available at 11ASA.

Maty = 0317 + 0.160D_,, + 0.0270,,, — 0.0985,, (19)
s (0.123) (0.074) (0.011) (0.045)
n =45

RDrnax =0.59, RDrnax,Oraw = 0.83, R])rnax,Oraw,Savg =0.68
2 — 2 — 2 —
RDmax =0.35, RDmax,Oraw =0.40, RDmax,Oraw,Savg =046

where

Maty is the amount of waste rock produced (tonnes per tonne of raw
coal mined).

The amount of waste rock produced thus decreases with an increase in
the average seam thickness mined and rises with the extent of underground
workings as reflected in the mining depth and inine size* variables.

The total amount of waste material produced from underground mines is
considerably higher if waste mnaterial from the coal preparation facility is
also included. The total amount of waste material can thus reach over 1.5t
per tonne of clean coal produced, which can present a considerable problem

*The linear type of relationship between specific waste rock production and mine size, as
presented in (19), means that the total amount of waste rock produced increases exponential-
ly with the mine size.
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of material handling and disposal.

As a final observation on the analyses performed on underground mines,
we would like to emphasize again that any interpretation of the results should
take into account the limited availability of data and the fact that the coal-
mining process was dealt with at an aggregate level. The problem in using
average indices to characterize an underground mine and its resource
requirements is that the indices describe an aggregate of a number of pro-
duction units, each of which can operate under quite diverse conditions. A
solution may be to use systematically weighted averages (however, these are
generally not available and would have to be calculated using more detailed
data on each production unit) or to disaggregate the mining process further
to the level of the production unit and to perform an analysis on that level.
The results could thus be improved, in the view of the authors.

In connection with the problem of data availability, a prior objective for
future work should be data completeness {at least for the most important
variables discussed in this section), rather than a further increase in the
amount of information stored per mine. The desire for disaggregation into
production units does not necessarily contradict this objective, as only a few
main parameters would be required and the remaining data base content
could be reduced by concentrating on the main parameters discussed in this
section.

Despite the relatively small and inhomogeneous data sample available
for analysis, the influence of the principal geological and technological
parameters on the resource requirements of the underground mining pro-
cess, which was discussed in general in Section 3, was confirmed and could be
gquantified through the analyses performed. The results can be considered as
quite satisfactory, especially since the relationships obtained are in good
agreement with similar types of functional relationships based on an indepen-
dent analysis of all operating mines of a country (in this case, the USSR) and
thus on a much larger data sarnple.
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4.3 HYDRAULIC UNDERGROUND MINING: EXAMPLES FROM THE USSR

Coal is mined by the hydraulic method in the USSR in two major coal
basins: in the Kuzbass and, to a lesser extent, in the Donbass. About 10 mil-
lion tonnes of coal were produced in 1977 from 10 underground hydraulic
mines, the biggest of which is the Yubileynaya No. 2 mine in the Kuzbass,
with an annual coal output reaching 3.6 million tonnes.

At present coal is mined by the hydraulic method under geological con-
ditions that can be considered as slightly better than those typically prevail-
ing in other mines of the Kuzbass and Donbass. A variely of coal-breaking
methods have been used, including pure hydraulic, mechanical-hydraulic,
and hydraulic combined with blasting. The general characteristics of hydro-
mines in the Donbass and Kuzbass are summarized in Table 51. The subse-
quent WELMM analysis will be carried out for two hydromines operating in the
Kuzbass, and compared with two mines that use conventional mining technol-
ogy operating under similar conditions. The geological and technological
characteristics of the mines under discussion are summarized in Table 52.
The mines operate generally at a smaller depth and work thicker seams than
average in the Kuzbass. The average coal output is also higher than average
for the basin.

TABLE 51 General data on coal output by the hydraulic method
in the Donbass and Kuzbass in 1976.

Donbass Kuzbass

Average daily output per

mine (103 t) 3.2 7.4
Distribution of output by

coal-breaking method (%):

Hydraulic 46 33
Mechanical —hydraulic 48 62
Blasting—hydraulic 6 5

Average daily output per
coal face (t) 520 700

Source: Astakhov (1977b).

The specific resource requirements and costs at hydromines are, in gen-
eral, significantly lower than at conventional underground mines, because
the hydraulic method requires less labor and material inputs — which are the
most important in the overall requirements of the coal-mining process.

Labor Requirements

Labor requirements for the two hydraulic mines under consideration are
between 33 and 56% lower than for mines with conventional underground
technology operating under similar conditions. The main savings in labor
requirements are usually achieved at coal faces (Table 53). One interesting
point is that labor productivity achieved at the Yubileynaya No. 2 hydromine
is comparable with the productivity typical for opencast mines in the Kuz-
bass. In 1977, labor productivity at the Yubileynaya No. 2 mine reached 254t
per month per worker (on books), compared with 384t at the opencast mine
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TABLE 52 Basic geological and technical characteristics of hydraulic and conventional underground mines in the
Kuzbass in 1976.

Main characteristics Yubileynaya No. 2 Karagaylinskaya Zaryechnaya Inskaya No. 1
(hydraulic) (conventional) (hydraulic) (conventional)

Mining depth (m) 200 175 228 200

Bedding of coal seams Slightly inclined Slightly inclined

Thickness of seams (m) 0.8-40 09-43 1.6-4.0 0.8-4.1

Average thickness (m) 2.1 32 2.2 2.6

Number of seams

to be mined 6 2 2 6

Annual raw coal

output (106 t) 3.58 1.56 0.86 1.47

Total length of

maintained workings,

per 10° t annual

coal output (km) 289 28.4 29.1 25.0

Source: Academy of Sciences of the USSR (1979).

with the highest labor productivity, located in the same basin. Of course, one
should bear in mind that, owing to the more complex bedding conditions at
opencast mines in the Kuzbass, labor productivity is lower than at opencast
mines in the Kansk—Achinsk or Ekibastuz basin. Labor productivity at
hydromines in the Kuzbass has reached a level comparable with that of open-
cast mines in recent years only. The rate of increase in productivity has been
significantly higher in hydromines than in conventional underground or
opencast mines.

TABLE 53 Comparative data on labor requirements of hydraulic and conventional underground mines in the
Kuzbass in 1976 (man-shifts per 10° t coal produced).

Yubileynaya No. 2 Karagaylinskaya Zaryechnaya Inskaya No. 1
(hydraulic) (conventional) (hydraulic) (conventional)
Total 85.7 188.3 131.2 197.2
Coal faces 42.1 850 28.0 89.1
Transport and lifting of
coal and rocks 8.1 16.9 29.6 11.4
Maintenance and repair
of equipment 2.3 6.8 6.4 7.6
Surface operations 13.5 37.7 392 44 .4

Source: Academy of Sciences of the USSR (1979).

Electricity Requirements

Electricity requirements at hydraulic mines, as presented in Table 54,
are considerably higher than at conventional underground mines operating in
similar conditions. The main reasons are the electricity consumption of the
hydraulic monitors and the larger amounts that have to be lifted to the sur-
face (coal-and-water slurry, as opposed to coal alone at conventional
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underground mines). However, the total primary energy* consumed for the
coal-mining process is only 1.5-3% of the energy produced in the case of the
two hydromines analyzed.

Material Requirements

Material requirements of hydraulic mines, when compared with conven-
tional mines, show a different picture (Table 54). The cost of materials used
per tonne of coal mined is significantly lower at hydromines; in particular,
the timber requirements are lower. In addition, the equipment requirements
at hydromines are significantly reduced, both in weight and in terms of their
specific costs.

TABLE 54 Energy and material requirements for hydraulic and conventional underground mines in the Kuzbass in
1976.

Yubileynaya No. 2 Karagaylinskaya Zaryechnaya Inskaya No. 1
(hydraulic) (conventional) (hydraulic) (conventional)
Energy requirements:
Electricity (kWh/t) 45.8 233 51.9 299
Other fuel (tonnes
fuel/tonne coal) - 0.01 0.01 0.01
Material requirements:
Wood (m?/10% t) 2.7 10.3 1.7 7.2
Explosives (kg/10° t) 12.7 n.a. - na.
Spare parts (roubles
(1976)/1) 0.14 0.04 0.16 0.19
Total cost of materials
(roubles (1976)/t) 0.41 0.58 0.58 1.19

Source: Academy of Sciences of the USSR (1979).

Table 55 presents comparative data on the weights and costs of equip-
ment in operation at hydraulic and conventional underground mines in the
Kuzbass. The specific weights of the equipment installed at hydraulic mines,
and thus the steel requirements, are about half of those at conventional
underground mines working under similar conditions; the same applies to the
specific costs of the installed equipment.

Environmental Impacts

Environmental impacts of hydraulic mining (Table 56) do not differ
significantly from those of conventional underground mining. Additional
environmental impacts of hydraulic mining are due to the high water con-
sumption. The wastewater remaining after separation of the coal from the
coal—water slurry is polluted by fines. Cleaning of the wastewater is a neces-
sary precondition for recycling Lo reduce Lthe water requirements. Additional
land areas at the surface are required for treatment of water in cleaning
ponds. Finally, greater losses of the workable reserves in sifu are associated
with hydraulic mining. These operational losses can be up to 30% of the coal

*Assuming that electricity is produced from coal with 30% conversion efficiency.
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reserves in situ (and sometimes even higher), compared with operational
coal losses of around 17% that are typical of conventional underground mines
under similar conditions. However, there is potential for further reduction of
these losses as more experience is gained with hydraulic mining. An indicator
of this is that, in the USSR, the rate of reduction of coal losses has been
higher in hydraulic mines than in conventional underground mines and this
trend is continuing.

TABLE 56 Selected environmental impacts of hydraulic mines in the
Kuzbass in 1976.

Yubileynaya No. 2 Zaryechnaya
Total land area leased per
tonne of annual coal
output (m?) 0.25 0.87
including:
Land occupied by
buildings, surface facilities,
and roads (m?) 0.04 0.15
Operational losses of coal
reserves in situ (%) 20 25
Waste rock produced (tonnes
per tonne of coal):
From the mine 0.14 0.06
From coal preparation 0.08 0.05

Source: Academy of Sciences of the USSR (1979).

Operating Costs

Cost comparisons for operating hydraulic and conventional underground
mines in the Kuzbass are presented in Table 67. The production costs are
significantly lower at the hydromines considered. The main cost-reducing
factors are the lower labor and material requirements. However, these few
examples are indicative only and can hardly be generalized as a comparison
of the different mining methods as a whole.

Construction Requirements

Some data related to the construction requirements for hydraulic and
conventional underground mines are presented in Table 58. In the mines con-
sidered, the construction resource requirements are up to 50% lower for
hydraulic mines than for conventional underground mines in the same area,
thus confirming the comparative advantage of hydraulic mines over conven-
tional underground mines operating in the Kuzbass.
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5 CONCLUSIONS

Although coal resources {and coal reserves) are large on a world scale,
their relative availability at the national or regional level is constrained by
the effects of resource depletion as well as by the growing impacts (economic,
environmental, social, etc.) of resource extraction operations. Some experts
{e.g. Fettweis 1979) consider that, in view ol these constraints, and in the
absence of a uniformly implemented international classification system for
coal resources, the general enthusiasm about the relative abundance of coal
resources and reserves might be far too optimistic.

Concern about the relationships between energy resources and other
natural and human resources that have to be mobilized and/or are affected
by the production (and subsequent conversion) of energy resources led to the
development of the WELMM approach. The first objective of this report was
therefore to discuss and to analyze the resource extraction process in gen-
eral, through an application of the WELMM approach to coal mining.

A first conclusion from this exercise concerns the relative advantage of
using WELMM-type, physical indicators over economic ones. These advantages
may be summarized as follows. First, physical indicators represent more
directly the influences of particular mining technologies and deposit charac-
teristics on the mining process and the impacts of this process on the
environment (in the broad sense of the word), since the indicators are geolog-
ically and technologically oriented and not affected by changing exogenous
economic variables {(e.g. interest rates). Second, in a broader (systems) con-
text physical indicators provide a much wider description of the require-
ments and impacts of resource extraction operations, which constitute possi-
ble constraints for the future development of energy or mineral resources.
Finally, economic data are (normally) derived from underlying physical quan-
tities and can therefore always be recalculated relatively simply, if required,
for any given economic context. These features are especially important for
an analysis of the long-term perspectives of resource extraction industries,
where economic data tend to be particularly unreliable. This conclusion is in
fact confirmed by a long history of use of certain physical indicators, such as
labor productivity or energy intensity, inside the coal-mining and other
resource extraction industries, and if their use is systematized, as has been
done in this study, this leads to a better comparability and broader descrip-
tion, although the task of comparison may become more complex.

The need for a deeper analysis and understanding of the resource extrac-
tion process, as well as the resulting data requirements, has not been
sufficiently recognized up to now. Consequently, the modeling of coal (and
other) mining activities (apart from a few (country-)specific exceptions) has
been unsatisfactory until now. The difficulty in obtaining the necessary reli-
able and consistent data for this study demonstrates the necessity for estab-
lishing and standardizing data systems to support long-term analysis of
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resource extraction, based on physical indicators. The structure and imple-
mentation of the Coal Mines Data Base developed within this study could pro-
vide a good basis for this task of enriching and enlarging the data system by
(and, equally, for) national studies. This is, of course, a longer-term process.
However, experience in design and implementation of the CMDB has shown
that the development of such a system, as well as the collection and updating
of the required data, is feasible even with limited resources (as is the case at
IIASA).

This in turn leads to conclusions about the actual contents of the CMDB:
certainly the analysis has confirmed the a priori concern about highly aggre-
gated values (for instance, on a sectoral basis). Information to be included in
an information system like the CMDB has to be at the level of individual
mines, or ultimately at the level of individual production units in order to
avoid possible biases in the analysis stemming from the use of average
indices for the mining operation as a whole. The information has to be
specified for the various technologies and also for regions with different
socioeconomic systems. In view of this, the number of mines included in the
CMDB should still be considered as inadequate, particularly since some tech-
nologies are represented in too few examples to permit further analysis, e.g.
opericast mining in the USSR or underground room-and-pillar mining in the
USA, not to mention the lack of data on mines in developing countries
(including small-scale mining). However, it is the construction process for
which more data should first be made available, although experience
throughout this study has shown the difficulties of obtaining such data.
Direct contact with industries engaged in the design and construction of
mines and manufacture of equipment could be a solution. Additional improve-
ment could be made by considering the evolution of construction require-
ments in time.

With respect to data quality, experience within this study has shown that
the most reliable data can be derived from the answers supplied directly by
industry* on operating mines or detailed project data (although the indices
derived from (a few) modern mines may not always be representative of the
average situation for the whole of the basin where these mines are located).
Nexl in quality are the data used within detailed micromodels to simulate
resource impacts and economics of coal-mining operations (as was the
(rather unique and positive) case for the models developed by Fluor Utah Inc.
for opencast mining in the USA). Estimates from "literature” sources (e.g. in
the form of Environmental Impact Statements, obligatory in the USA) or data
from purely econometric studies performed to estimate production costs,
without taking detailed account of technological and deposit characteristics
(this applies particularly to a large number of studies published in the USA),
can be considered only as rough estimates (if at all) and not as adequate data
sources permitting one to consider in detail the impacts of resource extrac-
tion operatiomns.

* In this context the authors would again like to express their sincerest thanks and apprecia-
tion to the companies and mining vesearch institutes that supplied data and answers to the
detailed questionnaire.
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Analysis has shown that resource requirements and impacts of coal-
mining activities (and this is equally true for other energy or mineral
resources) are highly differentiated according to the technology employed
and the geclogy of the available deposits. Therefore, these requirements and
impacts have to be estimated separately for the basically different mining
technology classes. The influence of the deposit geology can then be
estimated for each of these classes by further statistical analysis. Of course,
one cannot deal with each individual mining technology in the same degree of
detail, nor does this appear desirable for the purposes of long-term analysis;
consequently, one will have to exclude specialized technology systems (e.g.
mountain-top removal mining). In concentrating on the basic types of tech-
nologies employed, a sufficient number of mines should be analyzed inside
each class of technologies in order to differentiate between the various coal
regions {or even basins, if the differences in geology are significant) and espe-
cially between countries with different socioceconomic structures and sys-
tems.

Regression analysis, as used in this study, permits the determination of
the influence of major geological factors on the impacts of mining operations
and thus provides a good tool for assessing the effects of long-term resource
depletion. The results obtained are nevertheless affected by an inevitable
range of uncertainty. This is due, first, to the relatively small amount of data
available for analysis (and, in consequernce, the difficulty of systematically
analyzing the different technologies separately) and, second, to the fact that
the mining process, for reasons of data availability and simplicity, was dealt
with as an aggregation of individual subprocesses employed at a mine. This
approach, however, appears justified in view of the information generally
available on the reserves and/or part of the resource base, allowing only an
aggregated model (i.e. not at the level of a detailed engineering study for a
given mine deposit) to be used in a long-term perspective. The interpretation
of the results, as well as direct comparisons between mines in different coun-
tries, should always consider the significant differences in the geology of the
deposits mined, in the socioeconomic conditiorns, and sometimes in the sta-
tistical definitions and practice.

With respect to the uncertainty in the results, one should riote that the
results reflect the available data base, where only selected coal mines are
recorded whose indices are not necessarily the same as the average for all
mines in the same basin or even the average for all mines of a country. Yet
the functional relationships obtained are in good agreement with similar
types of published results (where these were available) that are based on
much larger data samples and thus reflect more accuralely the situalion of
the whole coal industry of a country.

In extrapolating the relationships presented in this report in order to
describe the resource impacts of extractive industries in the future, one
ought to bear in mind that this can only be domne if it is assumed that there
will be no drastic changes in technologies {(e.g. a technological breakihrough
in underground coal gasification) and socioeconomic conditions (this first of
all concerns cost data). In this respect the authors would like to emphasize
again earlier statements about assumptions of linearity in the functional
relationships described, and about the intervals within which these lirecar
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functions can be considered as reasonably good approximations, beyond
which no extrapolation should be atiempted (this applies equally to other
types of relationships presented).

With these precautions in mind, the authors take a modest attitude
toward the first results presented here, which were achieved as a conse-
quence of the limits imposed by a relatively small and inhomogeneous data
base, but consider the results interesting and the approach worth while, espe-
cially since, as far as they know, the approach taken is the first of its type in
comparing resource requirements and economics of coal mines in different
countries and under such a broad spectrum of geological conditions. There-
fore, the results are presented in the hope that this study will create interest
and stimulate further research, leading to an enlargement of the data base
and to an improvement of these first results.

The data and the present results of the structural analysis of the coal-
mining process are considered as a direct input to gaining a better under-
standing of the implications of long-term energy options, which, in most
cases, rely heavily on coal as the most important fossil energy resource (e.g.
the WOCOL study or the scenarios developed within 1IASA’s Energy Systems
Program). For certain areas of the study (e.g. labor requirements, land
impacts of opencast mining, or energy intensiveness of extractive industries)
the results are considered sufficiently reliable to be applied directly in a
(high-level) long-term model. Furthermore, the approach taken and the tools
developed may also be applied to other types of energy or mineral resource
extraction. Thus better understanding and modeling of long-term impacts
and possible constraints of resource extraction operations can be achieved.
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APPENDIX A STRUCTURE AND CONTENTS OF THE COAL MINES DATA BASE
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APPENDIX A.1 QUESTIONNAIRE, PART ONE:
GENERAL CHARACTERISTICS OF A MINE

Compulerized version used as input files for interactive data enlry program.
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APPENDIX A.2 QUESTIONNAIRE, PART TWO:
WELMM REQUIREMENTS FOR CONSTRUCTION AND OPERATION OF A MINE

Final version used for data collection.
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APPENDIX A.3 EXAMPLE OF A PRINTOUT FOR AN OPENCAST MINE IN AUSTRIA
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APPENDIX B DEFINITIONS AND MINIMUM /MAXIMUM VALUES
OF VARIABLES USED IN THE STATISTICAL ANALYSES
(SECTIONS 4.1.2 AND 4.2.2)
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APPENDIX B.1 DEFINITIONS OF VARIABLES

R(R?)

index

the (squared) multiple correlation coefficients after introduc-
tion of the variable(s) specified by the index into the regression
equation

number of observations

standard error of the estimate and of the regression
coefficients

Opencast Mining

Cdm‘speC

Cequip spec

Ctol

spec

specific direct investment costs (excluding coal preparation)
(US $(1975)/t raw coal per year)

specific equipment investment costs (excluding coal prepara-
tion) (US $(1975)/t raw coal per year)

specific total construction costs (excluding coal preparation)
(US $(1975)/t raw coal per year)

fraction of electricity in the total energy requirements (per-
centage)

specific electricity requirements (excluding coal preparation)
(kWh/t raw coal produced)

specific total energy requirements (including coal preparation)
(kWh equivalent/t raw coal produced)

specific land requirements (m?/t saleable coal)

specific material costs (including coal preparation) (US
$(1975)/t saleable coal)

specific total manpower requirements (excluding coal prepara-
tion) (persons per 108t raw coal per year)

annual mine output (106t raw coal per year)

overburden to coal ratio (m®/t)

size ratio, 1/0p

average seam thickness mined (m)

total seam thickness mined {m)

overburden thickness (m)



208

Underground Mining

D ax maximum mining depth (km)

EZpred value of the specific eleclricity reguirements predicted from
eqn. (18) (kWh/t raw coal produced)

Bl w specific electricily requirements (excluding coal preparation)
(kWh/t raw coal produced)

Lot total number of mine personnel employed (persons)

und total number of underground persennel employed (persons)

Mpi ot specific total mine personnel emnployed (pvrsons/lOgt raw coal
produced)

Mat g, specific material costs (roubles (1977)/t raw coal produced)

Maty amount of waste rock produced (L/t raw coal mined)

Ompiot annual raw coal output per unit of mine personnel employed
(including social and related services but excluding coal
preparation) (103t per year per person)

Opund annual raw coal output per unit of underground personnel
employed (102t per year per person)

Oraw annual mine output (106t raw coal per year)

Pnd underground labor productivity (t raw coal per shift worked)

Savg average seam thickness mined (m)

/4 water inflow (ma/t raw coal produced)
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APPENDIX B.2 MINIMUM AND MAXIMUM VALUES OF VARIABLES

The type of relationship described may be wvalid only within the interval
described by these minimum./mazimum values. No ezirapolation beyond
these limifs should be attempled. Where a linear relafionship is presented,
this does mnot imply that the relationship under consideration is of linear
form in general, but rather that the relafionship is approrimated within the
intervals considered by a linear form.

Equation/ Variable Unit Minimum Maximum
Figure value considered in analysis
Eqn. (3) Og 108 t/yr 0.14 60.00
Fig. 6 (f;) R . m3/t 0.29 15.05
Fig. 7 MP e, persons/10° t/yr 17.30 97.90
R, m3/t 1.11 15.05
Eqn. (4) EnSIJec kWhequiv/t 18.54 60.45
Fig. 8 Ry (108 t/yn)™! 0.02 7.10
Eqn. (5) R, m3/t 1.50 15.05
E% percent 16.24 90.68
Fig.9 EISpec kWh/t 1.55 29.30
R_. m*/t 1.77 15.05
Fig. 10 For comparison only
Fig. 11 From Academy of Sciences of the USSR (1979)
Fig. 12 Lspec m?/t 0.012 0.78
R m*/t 0.29 15.05
Eqn. (6) Lspec m?/t 0018 0.78
Savg m 1.17 55.00
Th,, m 13.00 95.00
Eqn. (7) L e m?/t 0.012 1.45
tot m 1.22 60.00
Th, m 13.00 95.00
Fig. 13 (f}) LSpec m? /t 0.014 0.78
e m 117 55.00
Fig. 13(f) L gpec m?/t 0.012 L.45
S ot m 1.22 130.00
Fig. 14 Crorspec US $(1975)/t/yr 4.71 3097
R m3/t 1.77 15.05
Eqn. (8) CdirSIJeC US $(1975)/t/yr 3.27 3091
Fig. IS R_. m3/t 1.30 15.05
Ry (10 t/y0)™" 0017 0.80
Fig. 16 Cequipspcc US $(1975)/t/yr 3.01 2341

R m3/t 1.30 15.05

olC



210

Equation/ Variable Unit Minimum Maximum
Figure value considered in analysis
Eqn. (9) From Ivanov and Yevdokimov (1973)
Egn. (10) From Alymov et al. (1972)
Eqn. (11) D, km 0.16 1.37
Savg m 1.06 3.31
Eqn. (12) 0. 106 t/yr 0.43 9.77
Eqn. (13) P t/man-shift 2.68 9.00
Fig. 17 (f) Savg m 1.09 3.31
Do km 0.16 1.26
O 10° t/yr 061 9.77
W m3/t 0.07 8.50
Eqn. (14) OmMpund 10® t/yr/person 0.64 2.21
S e m 1.09 331
D kmm 0.16 1.26
0e 106 t/yr 0.61 9.77
W m3/t 0.07 8.50
Fig. 17 (f3) Lind persons 481.29 5,982.00
Ome 10° t/yr 0.61 9.77
Eqn. (15) Oyprot 10% t/yr/person 042 1.57
S e m 1.09 331
0. 108 t/yr 0.61 9.77
W m3/t 0.07 8.50
Fig. 18 Mpiot persons/103 t 0.64 2.39
Lot persons 73434 7.432.00
O 10° t/yr 061 9.77
Eqn. (16) El kWhyt 1069 8733
Fig. 19 D km 0.16 1.07
Oraw 108 tiyr 0.61 413
Eqn. (17) El g kWh/t 13.41 65.91
W m? /t 0.10 8.50
Egn. (18) El. kWh/t 10.69 87.33
Fig. 19 D,_.. ki 0.16 1.07
(predicted 0w 10° t/yr 0.61 413
values) w m?/t 0.10 8.50
Fig. 20 MatSpec roubles/t 061 2.18
S g m 1.15 3.20
Fig. 21 From Astakhov (1977b)
Eqn. (19) Mat,, t/t 0.02 0.563
S sue m 1.06 3.08
i km 0.16 1.37
o 108 t/yr 043 9.77

Taw




APPENDIX C CONVERSION TABLE

From: Conversion factor: Into:
multiply with

Length

mile, US 1.609 km

yard 09144 meter

foot 0.3048 meter

inch 0.0254 meter

Area

square mile 2.59 km?

acre 0.004047 km®
4,046 87 m?

square yard 0.836 m?

Volume

acre-foot 1,233.374 m?
1.233-10° liters

cubic yard 764.55 liters
0.7645 m?

cubic foot 28317 liters

barrel, US 158.987 liters

gallon, US 3.7854 liters

gallon, Imperial 4.546 liters

Mass

long ton 1.016 metric ton

short ton 0.9072 metric ton

pound 0.4536 kg

Others

Stripping ratio: Overburden to

coal ratio:

yd? fshort ton 0.843 m?3/metric ton

Density:

lb/yd? 0.59333 kg/m®
0.00059333 metric tonfm>

Calorific value:

Btu/tb 23241 kJ kg

kcal/kg 4.1876 kJ kg

360° (degrees) 1 4008 (gon)
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