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RESTRICTED COLLECTION

GEOLOGICAL DEPLETION AND LOCATIONAL ADVANTAGE IN THE
ANALYSIS F MINERAL EXTRACTION PROGRAMMES
-~ EASE OF COKING COAL IN INDIA

ABSTRACT

The aim of the study is to evolve optimal pro-
duction and linkage plans, to meet angd exogenously
specified, spatially distributed time profile of
- demands from a set of spatially dispersed coking coal
bearing geological blocks. The plans are optimal in the
sense Oof minimum discounted present value of the sum
of production, washing and transport costs.

Focussing our attention on a geological block
consisting of many coal seams, we work with it as if
it was operated as one production complex. Geological
depletion in each block is formalised by estimating a
Block Level Cumulative Cest Function (BLCCF) based on the
data on geological parameéérs of the coal seams. Margiﬁal
cost in each block increases with each tonne of coal
extracted from a block. In general the rate at which
marginal cost increases varies across blocks depending
on the variation in geological complexity.

Using as inputs the BLCCF and a transportation
network, connecting blocks and steel plants, an overall
programming model is specified to minimise the discounted

present value of production, washing and transport%tion



http://www.cvisiontech.com

costs The model is solved to obtain time profiles of
production and linkages. The iImportance of integration

of production ard transportation costs is examined by
performing sensitivicty analysis with respect to transport
costs, and comparing the results of a partial optimisation
exercise with that of a total optimisation exercise.

The model soluticn provides marginal cost functions for
prime and medium coking coal and a set of shadow prices

at all steel plants.
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Chapter = 1

INTRODUCTION -

1.1 .  Issues and policy implications:

This study was motivated by two specific issues
-of importance for policy in the Indian Coking Coal

industry.

(i} The need for a quantitative estimate of the
risipg costs of supply due to geological
depletion in the industry as coking coal
fields are,worked and apprcach exhaustion.

{ii} In the context of these estimates of rising
costs of extraction to investigate the inter=-
action betweer production and transportation
‘costs and its bearing on the spatial invest=-

ment/supply pattern in the sector.

In the course of exploring the specific policy
15;ﬁes it was hoped to develop a methodology that eould
be used for other industries in the mining sector also.

One expects rising costs as the industry supplies
ineyeasing guantities of coking coal as the se@ms get
depleted and one m;ves to other seems more difficﬁlt to
mine, A guantitative estimate of this supply cost func-
tion should be the starting point for policy such as pricing

of ceking_coal,-deciding on the volume of expenditures

today on coke rate control in the blast furnace, allocation
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of funds for research on developing a substitute for coke
in the blast furnace such as formed coke and lastly design-
ing of an appropriate policy for the import of coking coale.
While a guantitative estimate of the effects of depleticon
is important for peolicy making at an aggredgate level an
understanding of the magnitude of interaction between pro-
duction and transportation costs has bearing on the spatial
dimension of thé industry and is useful foybroject identi-
fication, initiating tactical drilling programmes etc.

The two issues that are outlined above are inter-
related. While optimal allocation of production across
coal producing areas cannot be made unless one takes into
account production cost differences arising out of intrinsic
variation in geological complexity - no estimate of the
industry level marginal cost increase is meaningful unless
e réfers to such an optimal development plan.

Theére have been some attempts in the past tec study
the rhenomenon of geological dépletion in cecal fields. As
brought out in the literature survey that follows, at the
methodological level these studies have not satisfactorily
translated geoclogical depletion into usable supply func-—
tions and no empirical study along these lines exists for
India. Moreover, these studies have not paid adedquate
attention to the locational advantage of different coal
fields vis~a-vis each other. At the same time there has

been considerable medelling effort which has focussed on
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the transportation of cocal while making simplifying
assumptions regarding varying rates of depletion in
coal fields. The purpose of this study is to first
asfimate supply cost functions for different coal blocks
and then construct a computable mathematical model which
evolves optimal production strategies in different coal
producing areas taking into consideration simultaneously
varying rates at which geological depletion takes place
and their relative distances from the demand points.
Depletion in this study is formalised by a
'cumulatiVe'.cost function which is empirically estimated
at the level of a 'geological block' from data on geclo-
'giéal complexity and the qualit§ characteristics of balance
reserves of coal. The cumulative cost function gives the
‘undiscounted sum of costs incurred in extracting
of coal from a block without making any explicit reference
to the ;rajectory of annual output. It is possible to
characterize the block level cumulative cost function which
is independent of the rate of extraction under fairly
reascnable aSSumptions,Thié greatly simplifies analysis,
The transpertation network is then juxtaposed on the
Producing centres and a quadratic programming model is
specified to minimise the total systems cost. The model
is solved at various levels of demands to suggest spatial
production/linkage plans on the one hand and to provide
an esfimate‘of industry level rise in marginal costs @n
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Throughout the model we assume the existence of a
single decision maker who coordinates the production/
linkage decisions - a valid assumption sinée the entire
coal industry is nationalised. However working with an
exogenously specified location specific demand forecast
implies an insensitiveness of the location decisions in
the steel industry to coal costst In estimating the
cumulative cost functions we assume perfect knowledge
about the lay aiSposition and cuality of balance coal
reserves. An assumption which is valid in the case of
coal where unlike hydrocarbons dramatic discoveries are
rares

Although the model it specified and solved for
Ehe coking'coal industry its thrust is towards modelling
a broader problem of exploitation of spatially distinct
reséurce pocols. In particular, it would be applicable
to the noh=-coking coal industry, gnd it is hoped to use it
later to estimate supply cost function for it. Such
a function should be valuable in formulating energy policy
for the countrw.

l.2 Coking- coal industry - performance and planning
effort:

In October 1971, all coking coal mines with the
exception of those owned by two major steel companies
TISCO and IISCO were naticnalised, this was to be followed

by the nationalisation of non-coking coal mines also in
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May 1973. Thus within a short span of 18 months, the
entire mining industry come under public ownership.

ouite apart’from the moral issues of ownership
and management of the country's natural resources, the
need for rational exploitation of the reserves with a
view to their conservation, and the possibility of
integrated planning leading to overall social benefit
are some of.the more compelling arguments for nationalisa-
tione

Table l.2.1 and l.2.2 show the growth of output
of hot metal and céking coal In Indiae. The coking ceoal
is divided intoc Prime, Medium coking coal, and Blendable
coals This classification is done hased on the caleorific
Vvalue, caking index, etc. Zach steel plant i1s designed to
accept a specific blend of Prime/Medium and Blendable coal.
Table 1.2.2 reports the growth in the output of coking coal
in each ©f these thfee categories. Not all the coal as
mined can be fed directly into the blast furnace. Quality
uﬁgrading to bring down the ash % is done by coal washeries
by a process of physical beneficiation resulting in weight
loss.2 Table le2.2 reports the annual input of raw coal
from year 69/70 to year 74/75 and output of washed coai

in the country. As is seen, in the year 74/75 the total

A v e g e e S e ity i TS g SRS Sy T iy, O g i v . P i e S et Ml g et e e e M i e T gy it PO ik 't v Y S e o B T g e M B g e s

1 S.Mohan Kumaramangalam (July, 1973)}. References are
indicated as they occur by author and year. A complete
biblicography is given at the end.

2 A detailed discussion is available in the appendix
to Chapter 3. F
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Table - 1.2.1 : Yearly production of Hot Metal,
Coking Coal in India.

All figures in M.Ts.

v o T W i e e T P o T e i o e e T T T P T e e e e e e S e e e S W T oy e T e Ry e e S S e i

Year Output of Coking Total Prime Medium Blend-
Hot metal coal in~- Coking Coking able
put to coal Coal
steel produc- produc=-
e Plants*  tion  _tion _____ _______________
69/ 70 T.23 10.52 19.79 13.50 4,60 1l.49
71 .86 10.27 20452 l4.64 4,68 1.23
72 6.59 9,82 19.77 13.88 4477 l1.12
73 Te27 10.28 19.71 13.87 4,74 l.10
74 6.95 9,92 17.69 11.69 5.04 .96
75 7e58 11.08 20.52 12.00 7. 60 «92
Source : €hari Committec.
*as charged to the coke ovense.
Table 1.2.2 : Total washed coal output and consumption
by Steel Plants
Prime Med ium Total Input Hot
Year Input Output Input Output Input Output to metal
. steel output
___________________________________________________ plants________
69/70 7.37 5.73 2.69 1.80 10.06 7.53 10.52 7.23
71 7.50 5.49 3.05 2.02 10455 7«51 10.27 6. 86
72 T7.73 5.73 3.19 Z2.11 10.92 T 83 9.82 .59
73 T.1l4 . 5457 3.84 2.57 11.48 8.13 10.28 Te27
74 8,07 585 3.98 2+ 60 12.05 8.45 9.92 6.95
75, 2.89 7«04 £,32 2.92 14,31 9.96 11.08 7«58

e s T — g W T Gt e L o T s e S e . T S e T i e S OO e o o R W . o e St e W g, T Y e, TP e S o

Source : Chari Committee.
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output of washed Prime and Medium coking cocal of 9.96 M.T.
is less than the total rcquirement of 11.08 M.T., the
deficit being made up by direct feed and blendable coale.
Thus to support a hot metal production of 7.58 M.T. in

*he ycar 74/75 roughly 15 to 16 M.T. of coking coal needs
to be produced.l The balance coking coal production in

the country is utilised for making soft coke in the merchant
coke ovens and other uses. Steel production in the country
has remained virtually stagnant from €9/70 to 74/75. How-
ever, this picture will be drastically zltered as more
steel plants go into operation during the next decade.

The demand for coking ceal for this study is con-
s}dered exogenously spoccified and is obtained by applying
technical cCefficients to the projected hot metal output
over time.2 This also is not always a straight forward
exercise partly because of flexibility in thegproportion
of differént types of coking coal which go to make the
blend and partly because the coke raée itself can be cone-
trolled by adopting various technigues in the blast furnace
shop (at cost).

Thus the demand projections made by different
working groups differ primarily due to their different

assumptions regarding coke rate and the blend of prime/

T s s S s T s S i nkh i D i e S TV A T M i gy W S i S WA B W e g W ks P i o W e i ot Lo i g T g i S T Ben iy ke g A

1 The overall yield in the washery is 9.96/14.31 = ,696.

2 Adopting such a procedure implies insensitivity of
decisions in the steel industry regarding output,
spatial location etc. to costs in the coking coal
industrva.

-
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medium coking coal fed into the blast furnace. Table
1+2.2 shows 4£he demand projections by the end of the
fifth five year plan (78/79) made by two different working
groups. Table l.2.4 contrasts the actual coke rate in
73/74 against that assumed for arriving at the demand
by the two working groups.

To understand the magnitude of planning effort
and costs, we shall study the demand projections made
by the Chari Committeel. We shall rely on this study for
the demand side of the model because‘it is the only in-
depth study which has steel plantwise demand projections
for a ten ‘year horigzon.

Table l.2.4 shows plantwise projection of hot
ﬁetal production upto 84/85. Of these, the first six
are operating steel plants whose planned expansion has
beén taken into consideration. The last two namely
Visakhapattanam Steel plant (VZP) and Vijayanagar Steel
plant (VAP) are proposed to be initiated in the sixth plan
and contribute to output only from 82/83. From the tragec-
tory of ﬁot metal, the trajectory of total coking coal
recuired per year is obtained by using an aggregate coke
rate, which is different for each steel plant. This is
reported in Takle 1.2.5. The coke rafe that is used takes
into consideration predetermined decisions in the plants,
to feduce coke rate by using several available technigues,
in the blast furnace. R

s e —— T e T . ot S S5 Yy Y ekl e Ak b ot A A b ) o o o s o g o e b e St e AL Tl e e e g

1 Ministry of Energy, {(Department of Coal), "Report of the
Committee to review plans for ccal supplies to steel
plants durlng the fifth and sixth plan perlods

= f - r-r LY r-'l LS ~r kS &
;L: "'{73‘ jeDi( IZ | ESIND AW Narg évaltie uC
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Table 16243 : Demand for Coking Coal in 78/79.

Figures in {(M.Tonnes)

e e S g o i Ty L oy P O e Mok P P e e T et e e T Y W v o g it Py Mgy S W R e . AR e . S

Task force Chari
Steel Plants - on ¢oal and Committee**
Lignite* '
Bhilai (BSP) 3.933 3.708
Rourkela (RSP) 2 .830 24867
Durgapur (DSP) ' 1,699 2.642
Bokaro (BOK) 5.041 4.895
TIsco (TIS) ‘ 2.990 2.630
_I1sco (I1s) 1.861 2.110
| VIJAYANAGAR (VAP) 0.0 0.0
VISHAKAPATTANAM (VZP) 0.0 0.0

—— A ke Pl i G Yo B SR SV lrth Y S . S g g i P U e e . St VR ey e S W S g, W 0 e i gt s S " W S e e . e

"* gee task force Planning Commission (1972)

** Ministry of Energy (September, 1975).

Table l.2.4 : Coke rate at various steel plants coke
as charged to ovens.

M«.T./M.T. ©of Pig Iron

Steel Plant 73/74 Actual Task Force Chari
Committee

BHT 1.66 1.09 1.285

DSP 1. Xz L 1.53

RSP 1.62 1.60 1.619

BOK 1.38 1.27 1,384

TISCO Tulg 1.53 2.009

IIsCO l.44 1.44 1.295

N S U ke A e gy e T T g et e T L YT S Bt A L S A S S S W (o S W ot T ks B g e el g b
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Table 1.2.5 : Yearwise production plan of Hot Metal Production upto 84/85
‘ for each steel plant.

All figures in (M.T.)

wan " TEmmlAr | DsP | RSP  TISCO IISCO  BOKARO VAP vzp  ToraL

75/76 2.50 1.10 1.3 1,05 .88 1,36 9.12
77 2+.70 1,35 1.60 1.85 .93 2.85 11.28
78 2.76 1.55 1.70 1.90 1.01 3.67 12459
79 2.88 k.72 1,77  1.90 1.05 4455 13.87
80 2.75 L2 1.77  1.90 1.05 4,63 : ' 13.82
81 3.03 Il 7Z s '1.90 1.10 4,63 ] 14.15
82 3.49 1,72 1.77  1.90 1.05 4.63 14.56
83 3.80 1.72 1.77  1.90 1.10 4,63 80 .85 16.57
84 4400 1.72 1,77  1.90 1.05 4463 1.65 1.75 18,47
85 4,00 1,72 1.77  1.90 1.05  4.63  2.32 2,50 19.89

——— o . o e = T e o P g e S T o T s S TET s e, S S S A = i o S T e S B g tan P S . T S o e S e e 0 o o e B

Source : Charil Committee

- OT =
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Table - 1l.2.6

- e e e Bt e e g AR e e e A T Bt et i i S AL R e T P e B e T s il = e . — ——
L — ——— g T T— " — T — T —— o — =

i i A e it S T T o T b s ot B e G B ey P e T e S e e e T e e — T — Ty O i — —_ -

79
80
8L
82

B3

Yearw! se requirement of coking coal in
(as charged to the ovens).

2867

2867

2867

2867

2867

2867

2630
2630
2630
2630

2630

1496
1843
1843
2110
2048
2048
2048

2048

Source

4755
4895

5921

'000 Tonnes

990
2042

23871

Chari Conmittea.

los2
2167

3094

———— e

S . ———— L —
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From Table l.2.5 we can therefore infer that the
1

coking coal requirement increases from 11.08 M.T.P.A.
J‘

in 74/%5 to 27.08 M.T.P.A. in 84/85, this implies an

increase of 16 M.T.P.A. as an input to steel plants. How-

ever to support this level of clean coal input to the coke

ovens, the production of raw coal must increase from roughiy

16 MaT.P.A. to 39 M.T.P.A.2 Thus, merely to support the

inereased activity in the steel sector the coking coal

industfy must more than double the annual output in the

ceming ten years, add 23 M.T.P.A. of capacity.3 The total

/cumulative output over the ten vears is about 200 M.T. The

cost of exploitation being roughly Rs.l00/t, this implies

a total cost of Rs.2000 crores over a ten year horizon =~ the

firancial cutlay being much greater.

The coking coal reserves are distributed in six coal

4 , . ) ,
fields and 18 geological blocks, each of which differs in the

geological, complexity and ~uality characteristics of its

coal seams. The average lead in the coal industry is

353 KMS,S the transport cost is roughly 20% of the total C.I.F.
1 Million tonnes per annum.
2 This assumes an aggregate washery yield of .696.
3 This assumes that there is no excess capacity in the
base vear, which can be progressively used to augment
annual output,
4 Appendix to the Planning Commission task force on Coal
and Lignite (ICSL Statement).
5 See Table 4.1, Chapter 4,
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o

to the plants and thus is expected to affect the location
of production significantlye.
Table l.2.7 shows the balance life of some non

renewable resources in India at anticipated consumption

levels in 1988/89,

Table 1«2.7 : Balance life of known reserves at
1988/89 consumption levels.

T S e e ety T o W g e Lt Y i . o o S o e e P e P P o i ek i o T T, e Y gme B e ey e Y . Sy, e s P, b et

l. Coking Coal aa
2. Non Coking Coal
(a) Without exports 168
(b) With exports 159

3. Iron Ore {Hameatite)

(a) With exports 62
(b} Without exports 165
4. Magnetite 84
5. Limestone 475

.

T e e 4 s e o YT T o s gy T e T YT e i e et T S e i e e S e T8 S P e e e ke = T S Y Tt o g

Source : Fifth Five Year Plan,
Planning Commissione

As seen from the table, the balance life of coking
coal reserves of 44 years is short compared to that of other

raw materials used in the iron and steel industry. Further,
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though it may be technically feasible to exploit the reserves
upto the end of their life, the marginal cost of exploitation
may increase dramatlically as the coking coal fields are
worked and approach exhaustion. Thus issues such as whether
and if ves when to import coking coal and how much and when
to inﬁest in expensive research programmes to find a sub=—
stitute for coke (like formed coke) cannot be evaluated
unless a cuantitative estimate of the geological deteriora-
tien and concommittent increase in costs is available.

Thus, the considerable financial outlay involved
together with complex interrelated issues establishes the
need 'to formalise the system in the form of a mathematical
model to help the management of the industry in rational

decision making.
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Chapter — 2

PLANNING MODELS FOR THE COAL INDUSTRY

2,1 Choice and strategies fer formalisation:

Positioning himself at any point in time, the
planner in the coking coal industry is cenfronted with
determining the spatial Ppattern of production and linkages
that minimises the total systems cost given a location
épecific demand overtime.

The purpose of the study is to construct a com-—
putable mathematical model which can be used to s tudy#
highlicght some important choices in the prime/medium
coking coal supply while answering the guestion posed aboves.
The form, structure and the éize of the model are basically
determined by the nature of choice it examines and the
specific policy issues to which it addresses itself.

Consider a demand centre at ‘A' and two coal

producing areas at 'B' and 'C'.

The optimal production and linkage pattern would
depend upon two factorse.

(a) the relative production cost gzt the two
coal producing areas;

{b) the relative distance over which coal has
to bhe transported.
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The production decisions would nct only be
influenced by the production cost differences as they
exist today but also ke influenced by varying rates of
depletion across coal producing areas. Similarly the
industry level geological depletion computed is meaningful
only if it is with reference to this optimal development
programme ©f the coal industry.

The problem outlined alove can in principle be
studied within the context of sectoral planning models
which are designed to bring out the benefits due to
rinter regional coordination of investment decisionse..

This line of modelling began with Chenery (1952) who studied
the problem of capacity expansion overtime at a single
lécation and has been developed to a great level of
generality in Kendrik and Stoutjesdijk (1975). Excellent
exp&sitions are available in Manne (1967), Erlenkotter
{1969}, ané Scherer et at (197%). Empirically these

medels have been used to study many process industries

like Cement, caustic soda and nitrogenous fertilisers -

tManne 1967), Cotton textiles and man made fibres -
(Kornai 1965), Steel — (Kendrik 1967), Electricity plan-—
ning - (Gateley 1971) etc. However, the absence of such
a model being applied to coal and other extractive indus-
tries is noticeakle. All these models work with existing
and proposed production centres which serve ©8 candidate

locations, tc meet a time profile of demand ¢rowth. It
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is also required that costs for each option ke supplied
in advance. The basic production unit in the coal industry
is a mine% which in India has keen of about .6 M.t. per year
capacity. Given the limitations of managerial ability and
“the state of techneclogical development in the coal industry
in India the maximum mine size is not expected to increase
to more than around 1.5 m.t. per year, Thus for an expected
expansion in the pate of production of about 23 m.t. per
year we would need to select around 15 to 20 feasibility
reports. To offer meaniﬁgful choices one would like to
have 30 to 50 feasibility reports ready on the shelf to
?/serve as candidate locations from which an optimal preduction
programme could be evolved. . Following this system of plan-—
ning presents a number of difficulties. Firstly from
thé\dﬁw point of implementation it is unlikely that these
many projects reports are ready on the shelf to serve as
candi'date locations. Secondly constructing a planning model
with these és candidate locations would present computatienal
difficulties on account of large number of variables parti-—
cularly if there are non-linearities in production costs. B
Apart from the operatiocnal problems of implementa-—
tion of the planning system and the mathematical complexity
of the resulting planning model, there is also a problem of
the logical sequence of planning. For an extractive industry
such as coal; the identification of sites and preparation
of feasikbility reports {at not an inconsiderakle cost) is

1 This is an accounting unit the level at which costs
are maintained.
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the last stage in a well defined planning procedure. Pro=-
ject identification being a crucial problem in the Indian
Coal industry (where do I commission the next feasibility report?).
We cannot work within the frame work of existing sectoral
planning models which essentially evaluate alternatives
after the projects are identified. The cdrrect planning
strategy would then be to work with a macro model which
allocates production targets to coal producing areas based
of broad knowledge about their geological complexity and
transport cost advantages. 7. detailed drilling programme
within each of these against allocated targets then leads
to specific invesfment prOQOSals (sites) for new mines.
Detailed information obtained in the second stage can bhe
continuously fed back into the macro model which can be
golved again to firm up the targets.

Thus a model for the coal planning problem which
highlights the benefits due to interregicnal coordination
of broduction decisions must bhe different in two respects
from a éonventional planning model in which specific projects
are selécted from; a set of alternatives. TFirstly a large
coal producing area and not a single mine, is its fundamen-
tal unit of production and secondlyv in each of these areas
the marginal cost of production may be expected to rise
with each tonne that is extracted.l The first aspect 1is
reflected in this study in its focus on a geological block

1 Thus geological depletion should lead to increasing
‘costs even for sustainhing a given level of output.
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cqnsisting of several small coal producing units and virgin
seams, and working with it as if it is being developed and
operated as one production complex. The second aspect is
taken into account by estimating a cumulative cost function
for each block taking into consideration the geological
complexity and cuality characteristics of the coal seams
contained in it. In a cumulative cost function, cost at the
margin is a function of past extraction - or history

of the Dbloclk.

Working with a cumulative cost function typically
allows one to take account of varying rates of marginal cost
increases across productioh points and permit marginal cost
increases even for sustaining a rate of production ih a
block. This comes closest to our notion of cost behaviour
in exhaustable resource pools. Examples of such specifica—
ticn are fognd iﬁ the analysis of mineral extraction pro-
grammes. Weitzman, M.L. (1977), considers a proklem of
obtaining a fixed flow of output (0) from 'N' resource pools
over an infinite horizon. He derives an optimal policy for
an arbitarily specifiedl cumulative cost functions for the
resource pools,

If area speéific marginal costs functions are thought
of as supply functions then together with the transportation

networi, the model may be viewed as a spatial eguilibrium

o e o e e e e e T e T e e e e T et e T A L i S e B P P s st S i i S e it A e e T i e s, A

1 Of course if costs are convex (upwards —~ non-decreasing
extraction costs) then the optimal policy is to draw e
from the pool with lowest marginal cost.
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problem of the Takayama and Judge (1971) variety - in which
demands are price inelastic. However, the difference is
that the supply functions in.the coal industry cannot be

be estimated from past behaviour of prices but must be
estimated with reference to the geclogical complexity of
balance reserves.

1.2 Review of literature on coal planning:

By depletion we refer to the phenomenon of rising
marginal costs and suégest that it can be best represented
by a cunulative cost function at the level of a geological
block.l In an extractive industry costs in the future
cannot 5e obtained by extrapolating costs in the Past2
becsuse expanding 6r continuing production involves a con-
tinuous change in the profiles of the deposits. Thus we
must estimate the impact of geological parameters on costs
at the level of a single producing unit and combine this
with information on balance reserves and organisation of
production at the level of a geological block to predict the
rate at which costs rise in the industry.

. Johnston (1961) is eleguent as he reports failure
to correlate cost of mining to the geological parameters
of a mine by statistical cost analysis, so is Naganna, N..
{(1974) as he fails to find input structures that are stable

across mines in India. While it is generally agreed that

e e B s i B e T St St P e WY T s o T . S . iy e o it iy B e e e et it i et e Pt T R g

1 Hottling, He, (April 1931).

2 Lessourne (1955} (1960).
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geological parameters significantly affect the cost of pro-
duction the failure to find such correlation at the level
of a mine is probably due t a failure to find
proxy variables that reflect adecuately the geological com-
Plexity of the mine.

We come acrss successes when costs involved in
unit operations of mining like face work, underground trans-—
portation, etc. are correlated to thé specific geologicél
rvariable that influences it. Naganna (1974) reports corre-
lation between costs of transport and the face to surface
distance. Zambo, J., {(1968), reports the relation -
W

. v
KB =l £ B.qo L

where KB = Operating cost per tonne

g Capacity of the mine

L = Transportation distance from the face to
Shaft bottom.

If the mine operates with more than one face con-
tributing to production g, then the 'L' is taken as the

weighted average of distances.

p - [l - Jlial
1 9t i 4
where,
gi = Production from the ith face, g = )} qi
Li = Distance from the ith face to the éhaft bottom.

A
While face to surace distance is stressed in some

studies, the impact of seam thickness on cost of mianing is
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stressed in others. 2Zimmermann (1977) estimates the impact

of seam thickness on productivity as

log ~ = Log A+ b Log th + (C-1) log S
8
Wbere % = Productivity per section
th = Seam thickness

S = Number .of sections

@]
i

. Dummary variable : 1 if S greater than 7

0 if 8§ less than 7

The productivity (hence the seam thickness) is
linked to eost fusihg engineering estimates. He then com-—-
bines the ébove relation with data on coal seams in different
anl producing areas, and observed cost of new mines to
obtain a cumulative cost function which basically indicates
the beﬁaviour'of incremental cost as cumulative output builds
UPa ‘

In his analysis he finds thét depth has no impact
on the cost of production. This 1s probably the result of
the fact that he works with a sample of deep mines where
intermine variation in depth is low. Similarly there is
no mechanism in his model of production to allow for switching
petween strip mining and underground mining 1f the seam
parameters are favourable. Also it is doubtful if increasing
seam thickness would continuonsly lead to decrease in costs,

because it is well known that for thick seams, if m%ped by
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underground methods the strata control proklems leading
o complex mining techniques,l result in hich cost.

There have been very few studies which characterice
a coal producing area (rather than a mine) in terms of its
costs of production. Lesourne (1955) (1960) has worked in
terms of a broad coal producing areas. He has computed costs
of cutting down output from a coal producing area as savings
resulting from shutting dowm the most unsatisfactory mine
in the coal field. He observes that computing costs of ex-—
pansion would involve constructing new units and consideration
of varying éeological structures — which 1is what we propose
to do in the course of our study.

Location specific production costs, significant
transport costs and spatially distributed demand -~ with these
features coal industry is ideal for transportation modelling.
If we assume constant marginal costs of productiqn, at the
level of 3 mine or a coal producing area then the minimum
cost (production X transportation) production linkage pro-
éramme can be computed using a linear programming formulation,
HEnderéon (1958}, for U.S.h., .. Upadhyaya (1964) and
Chakravarty (1965) for India have computed models which fall
in this category.

Federenko (1974} works with 230 operating and 60
pyojected pits and (uarries. The prbduction cost at each

is specified. The model has guality specific demand

e it et e s P b4 s st e Bty e o Y P S et T i Sy . Sy ekl TV i e Wt S T oy P Y Y . S Al Bl BB ey e e VR e P T g P T ey e ot T T

1 Like sublevel caving. ' .
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from each demand centre which i1s satisfied by a minimum
total cost model formulated as a large linear programming
problem.,

A slightly more elaborate mmdel is that of Bohjle
and Libbin (1977) in which demand is quality specific and
capacity can be increased by adding new mines (each of a
-prespecified capacity) which are constructed at fixed cost
which wvaries acroés regions-depending upon mining type,
size, seam thickness, over burden and within region by
seam thiékness and mining type. Depletion in this model is
brought about by retiring 5% of the capacity every year.

- This may result in increased average cost of production
overtime. Howevér cost of expanding capacity are unchanging
overtime as they assume that "all costs are held conétant
throughout the time horizon because, there is no basis for
differential rates of change in costs by region". Fxactly
the oppo3ite result is thrown up by Zimmermann (1977) as he
rerorts widely varying_rates of depletion across coal bearing
areas in the U.S.l

~ As brought out from the literature survey there is
no satisfactory method of estimating geological depletion
in the coal industry. The problems of characterising coal

producing areas in terms of their geological complexity

AT B A S i S A e T e et e i i T it i i v ke B e 8 e e i Y e . e o S BT Mk o e i P T Sy ST P e e S

1 "If output rates were to double, depletion would lead
to an increase of 30 per cent in 20 years in North
Appalachian high sulphur coal costs. Similarly it would
take 42.4 years in the midwest for cost to increase
30% if output rates were doubled." Zimmermann (1977).


http://www.cvisiontech.com

2 P

and using this to estimate and predict industry level
depletion are not explored fully satisfactorily. 1In

addition research effort in past has focussed on geolo-

gical depletion and coal transportation in isolation without
exploring the interactions between them. In our study

rwe propose toranalyse all these problems in an integrated
framework . We characterise geological blocks by a cumulative
cost function and use this to estimate depletion and suggest
production transportétion programmes for the coking coal
industry over varying horizons. Unlike previous researchers
we recognise aid consider the impact of cuality in determining
depletion. L

While the iIntegrated model will be useful as a

starting point from which further models of extractive in-
dustries may be constructed, it is heped ﬁhat the empirical
" results not available before will prove to be useful to

‘policy makers in this area..

203 Plan of Study :

. The zim of the study presented here is to evaluate
alternate cumulative output strategies in 18 geological
biécks of Prime/Medium coking coal within the framework of
a cquadratic programming model; This study proceeds in two
distinct stages. Furst in Chapter 3 we estimate the cumula-
tive cost and vield functions for all geotiogical blockse
The regional‘settiﬁg of the coking coal industry is outlined

in Chapter 4. The second stage begins in Chapter.S where
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we juxtapose the transportation network and specify

the cuadratic programming model to minimise the total
systems cost in a gynamic sense and explore some of its
solution properties. Chapter 5 also presents model
~solutions to suggest optimal production trajectories for
blocks in the Prime and Medium Coking coal industries in
the absence of transport costs. For each, an estimate of
the geological depletion is obtained as well as the long
run marginal cost function.

In Chapter 6 model solutions are obtained when
transport costs are considered and sensitivity of the
solution to transport cost variation is studied. This is

'followed by computing the output profiles, marginal costs
and linkages as the model 1is solved successfully for

. Various time horizons.
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Chapter ~ 3

BLOCK LEVEL CUMULATIVE COST FUNCTION

3.1 Specifigation of g Block Level Cumulative
Cost function:

Several considerztions, lead us to focus our
attention on a geologiczl block as a unit of production.
A geological block would in general contain many coal seams,
and although each of these could independently contribute
to production, the geological block is thought of as being
developed and operated as an integrated production complexXe
While specifying a cost function at the level of a geologi-
cal block one is indeed looking for an index which adecuately
reflects interblock variation in geological complexity and
Quality characteristics to be used as inputs into a pro-
gramming model. Starting from a configuration of seamwise
balance coal reserves in a block, a rational production
planner would organise the production within a block, in a
manner which allows bim to exploit coal seams which yield
coal cheaply before moving on to meore expensive ones. In
this seénse the cost of mining a tonne of coal at the margin
would be non-decreasing as increasing amounts of coal are
extracted from a block. Thus a desirable specification for
a block level cost function would be one in which the cost
of mining a tonne depends not only upon the current produc-—
tion, but cumulative output from a block as well one would

like to estimate a complete specification such as, (1)
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below:

c =f (q, aec, Q)‘ .L.-(l)_

where
a annual output from the block {(m.t.)

g Capacity at the level of a block (m.t./annum).

D

Total amount of coal that has already been
produced from that block.

o Cost of mining g m.t. froﬁ the block with
capacity gc and from where Q m. tonnes have
been previously exploited.

Thus specification (1) is a short run cost function
when gc 1s considered fixed in which the marginal cost may
be expgcted to increase rapidly with g. Explicit inclusion
0f Q in the specification is to capture the impact of
geological depletion on the production costs. The para-
meters associated with g and gc indicate the scale effects.l
.The main éim of this study is to focus attention an
geological depletion at the somewhat aggregate level of a
- block. The akove specification would be difficult to estimate
and would lead to complicated programming formulation for
the optimisation problem involving a group of geological
blockse Ve shall demonétrate that under certéin reasonable
assumptions on the technology it would ke possible to adopt
a specification which leads to considerable gimplification

while retaining the focus on geological depletion. This

1 Inclusion of factor prices in the specification wguld
bring out the substitution effects.
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estimates the cumulative cost incurred as a function of

cumulative outpﬁt only, as follows:
c =£f (Q) s (2]

The estimation of the block level cost function proceeds

in two stages.

1., First, the total cost curve for each seam
in the geological block 18 estimated.

2+ Bysed on the ranking provided by (1) these
are aggregated into a block level function.

3.2 Specification of the seam level total cost curve.

Coal mining consists of a sequence of activities,
startiﬁg from dnilling, blasting, transportation etc.
conducted in that sequence. Costs of mining coal are
thought of as the sum of costs incurred in performing each
of these operations. Consider the general .problem of
performing any of theée activities to yield Ry million
tonnes {(m.ts} in a year, when a capacity of Re m.t./annum
‘has been installed. ILet the technology at the seaﬁ level
be characterised by the following assumptions:

Al. Constant returns to scale.

AZ2. Short run marginal costs that are constant
and do not depend upon the scale of opera-
tichea

A3. Pixed cagacity Rc.

Then the short run total cost function canbe written
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as
f (R, Rc} = aR + b.Rc 0< RS Rc (1)
oa if R7>‘ Rc
where,
Rc = capacity
R = annuval ocutput
a = Short run marginal cost

b = Marginal capacity creation cost.

The long run total cost curve F(R)} for any activity
is obtained when the capacity is allowed to vary and the
output R produced is ecual to capacity Rc. In other words
we assume that interperiod adjustments in output take place
in a way that constantly permits perfect adjustment of capa-
city and design to the quantity produced in that year.l This
may be written as

F(R}) = £ (R, Re) = AC.R,R2 0 (2)

where

AC (a + b) and R : rate of production

This situation is depicted in fig. (3.1} where the
léng run total cost curve is plotted as an envelope of the
short run total cost curves for various values of Rc.

In the formulation akove, the parameter 'a' is the

short run marginal cost of producing R m.t. These are the

“.# Think of the cost of transporting R m.t | B & year
underground in a seam on which a belt conveyor of”
capacity Rc m.t/ annum has been installed:; while no
more than Rc may be transported in the shert rum, in
the long run Rc may be adjusted to egual planned output
in that year by replacing the motor by one with higher/
lower horsepower, changing the helting or removing the
belt conveyor and installing one which matches the new
edsion; OCR,qvebaptinizat


http://www.cvisiontech.com

Fig: [ 3.4 3
f(ﬂg,ﬂ)

TerraL
Cosy

' b-llci

OUTPUT PRA AMUM

mewern LONORUN Total COSY CURVE

DHORT AUM TOTAL COST CyRvise



http://www.cvisiontech.com

= 2 e

expenditures that are directly related to the output R,
such as labour, electricit&, explosives etc. The para-—
meter 'b' is interpreted as the expenditure that the pro-
duction manager must charge himself in a year to avail
himself of an additional unit of capacity. Assuming con-
stant returns to scale, the total capital expenditure
incurred in setting up a mining facility of R m.t/ annum
is given by

VK = kzR (3)
where

K = Total capital costs incurred instantaneously
before the start of productione.

R = Capacity in m.t/annum..

k = Unit capital cost (Rs./tonne)

It is assumed that the production manager dis-
counts costs incurred in future at a rate of r%/annum.l
If 'b' Rs/tonne is what the production manager charges
himself annually for the use of capital eguipment of value
K = X.R. Rs, then the discounted present value of the
capital charge over tre life of the equipment should be
eQual to the total capital expenditurees, K Rs.

If L is the life of the capital stock

L -rt
f b.R.e T dt = K = k.R
Q L - rt -

Using capital charge as in (4) above implies that there
L

M S i i e S —— Y - T — T —— o —— 7o — . A M sy i o o T e e i S A o T gy i e AL

1 The impact on policies due to the variation in r is
i explored laterv.
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are no seam specific sunk costs. Thus we need to make the

following assumption,

A4, The capital stock employed in exploiting a
seam is amortisedlover its useful life and not
the life of the coal seam(s) on which they are
operated, Thus all items of capital stock can be
costlessly shifted and employed elsewhere if

they outlive the life of the coal seam.

suppose there are 'M!' activities involved in mining a
tonne of coal, indexed by 1, and the cost curve for ith

of these is given by:

‘Fi (R) = Aci, R, Aci = (ai+bi)
The cost curve for the entire mining operation can be

written as.

M M
F(R) = J Aci.R = ] f{ai+bi) . R sess (5)
i=1 =l

thus not only is each of these activities carried out
along the lony run cost curve, but capacities in different
stages in mining are consistent with each otherol

Quality considerations

The seam level total cost curve is designed to
indicate, the relative desirability of selecting coal
seams for exploitation vis-a-vis each other, The impact
of interseam variation in gquality is taken into c¢onsidera-

tion by specifying the cost function in terms of clean

s s et g T o ot Lty s P i . S et AR o g R el ottt S st it e A S W g oy i S P e S SRR o, e e et et

1 Thus in a single mine, producing ¢. Mat,/annum the capa-—
city of transport equipment, and drilling and blasting
emiirmont Are hoth assumed +0 ke equal to g, ™.t Annum,
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(washed) coal. Steel plants aré desdgned to accept coal

of a specific cuality ( 17% ash). puality upgrading is done
in coal washeries by a process of weight losing physical
beneficiation. Although coal production and washing are
distinct activities (carried out in that secuence), the

seam level total cost curve 1s specified for a vertically
integrated production/washing activityi Costs of mining and
washing depend only upon the raw coal mined/washed howecver

coal from differcnt secams has different vields given by

g = YR (6)
where
R = cuantity of raw coal processed in the washery.
g = cuantity of clean coal obtained.
Y = seam specific yicld factor ( 0 <y < 1)

Thus if ¥, (R) and F, (R)2 are the seam level total <Ost respectivel:
cur&es for the'integrated wroduction and washing activities
for a seam which has a-yield factor y, the cost function
for the integrated production/washing activity in terms of

clean coal may be written as -

Fq (RYy = AC,#R
, F (R) = (aC; ¥+ AC)) R, since ¢ = v.R.
F (qg) =1 Ce “h BT
L v 2 « g = AC., g L] (7)

P S S T T ks S e et T e G P e i T g W i ek e i g ok e i . T T i, o i, W e . U iy ks W o e e iy T YT W e e el s

1l Details at Appendix II where econometrlc analvsis of
washery yvield is presented.

2 F2(R) shall k¢ the same for all seams since it depends

-

LN sl oriie 3 el .

i 2 .

M.
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The final form in which the scam level cost curve is
used is (7). The following properties of the seam lcvel
total cost curve necd to he cmphasised.

1. It depends on the discount rate used;:

Since the cost curves Fi{gq) of each of the
activities involved in mining coal and the yield func-
tion depend on the geological complexity and cuality
characteristics of the coal seam, the aggregated cost
curve (the parameter AC) is scam specific. Similarly
since the valuation of capital stock in use 1s contindgent
on the discount rate used, the seam level cost curve Fla) =
AC.g, depends uron the discount rate used, changing
‘r' the discocunt rate changes the shape of the cost curves

A Cumulative costs are independent of rate of extraction.

Consider the problem of obtaining a cumulative
output ¢ from a single seam along a trajectory qgt, of
yearly outputs and F (gt) = AC. gt. of costs. The un-
discounted algebric sum of costs C(0), incurred in reaching

{ are worked out as follows. If the life of the seam is

T (gt, ©)
T(qt,0)
clp) = fi .« AC. gt. dt
T{ct.C)
c(Q) = ac. i gt.dt.

o]

AC.O L) (8) .
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Thus the total undiscounted algebric sum of
costs incurred in rcaching a cumulative output ¢ are
independent of the time profile of yearly outputs along

which it is reached.

3. Choice of extraction

Consider two seams with reserves Ql and ¢, and

2
5 Ao and ACl < AC2. Costs

incurred in future on variable inputs as well as towards

cost functions, Aclql and ~C

capital services are discounted at a rate p%/annum;l

What 1s the optimal strategy of c¢xploitation of coal
seams in the sense of minimum discounted present costs?
Since the cost incurrced in obtaining Ql from scam cne are
AClQl and ACZQl if obtained from seam two, for any
trajectory of of] scam one will be completely exhausted
before initiating any production from seam two. The sum
o%_costs inéurred in obtaining an ocutput @ =

1

be (AClQl e A62Q2)'r€gardless of the time profile of Q.

+ Q2 will

3.3 Deriving the Rlagk Level Cumulative Cost Function'
(BLCCF) from scam level cost curves

Focussing cur attention on a geddogical blocky
which contains many coal seams, we shall study the problem
of obtaining ¢ m.t. of coal from it in the sense of

minimum discounted present costs as defined hefore.

G T s " T TR TR P N T — T A T e T T I eyt T S gy oy A oy ok s, AN AT T M T gy g S0 T g g S T AT ke ol S (U T v e ), T et B

1 The discount rate 'r! necds to the same as that used
in the construction of the BLCCTE.
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specifically;

ﬁet there be W seams in the block indexed by 1.

Let the reserves in the ith secam be Oi

Let the total cost curve associated with the ith seam be
Fq) = ACigi , ACi = (ai + bi)

* The seams are ranked according to increasing cost per tonne

as follows =~

AC; £ AC, < ...+ ACL < ACi+l ...% ACN,

2
with reserves 51 52 T 5N of washed coal.
As Indicated beforc the total undiscounted sum of

costs incurred in exploiting the first seam is TCl = ACl 51 ’

the cost incurred in exploiting the first two seams would

Be TC1+T02 = AClQl ot A02 Qo s If the block is exploited

in an increasing cost sequence of sc ams, the cost of

exploiting the first J sealls CJ is given by.

i=J i=J .
CJ = b G i ] acioi
i=J L
while the output is cgiven by QF = Z 01
i=1

Figure 3.2 _ shows the variation of the total cost wiﬁh
output as seam after seam is exploited.

The profile of cumulative cost incurred as the
cumulative output is obtained from any block thus con~
sists of 'N' linear segements (each represcnting one

lseam) joining the points (CJ, QJ) as Generated above s
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w=3

. TotaL cost ci= X TE*

CONBTRUCTING THE BLCCF
EROM SRAM LEVEL COST CURVED [ig:[3.2]

-1 éJM '

, 0] -
10TAL OUTPUT @QjeE Qi
L.
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The mode of cost function development adopted in this
study results in a cost function whcre the blocks are

characterised by a set of points (C QJ) T B deee o TLHN

Jf
(N, ecuals the numbcr of seams in the block). However,
we wish to go one step further in achieving economy of
representation by approximating the piecewise linear
function by a suitable poiynomial - in this case a cuadratic
function
5 ;
C = alp + A20 (9)

where C ¢ Cumulative Cost (M. Rs.)

Q

Cumulative output (M. tonnes)
Al and A2 : Constants.

A least scuarc cuadratic approximation to the
piccewise lincar function results in a gedlogical block 3
being characterised by just two parametcrs Al and A2 rather
‘than I points (CJ, QJ). This ¢conomy we would argue more
than compensates for a loss of information which is in
any case not too large judging f£rom the high R2 with
which the guadratic approximation fits the seatter.
Secondly, the cost functions are ultimately to be used
as inputs into a programming model where working with
guadratic functions allows us to study the impact of para-
metric variations in an easily comprehensible form.

Along with the cost/quantity profile we could also

obtain the following profile which indicates the total
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amount of raw coal that is processed to yield incrcecasing
amount of clean coal from a particular block if the seams

were cxhausted in an increasing cost sequence..

If Ri = Total raw coal reserves in seam 1.

0O
et
I

Total clean coal produced from scam 1.

Py
H
H)

yi.ai where yi is the secam specific yield factor.

then compute

The Block level yicld function (BLYF)} gives the
total raw ccal that heeds to he processed to obtain a

tomme of clean coal, the relation is specified as -

R = a3q, (10)

where

R

Raw coal processed

Q

I

Clean coal obtained
With observations at (RJ, Q;) (J=l....N) for

any block, the least scuare estimate for 'b' the block

level yield factor can be ontained by

N
RJ .
A3 = Zl TQ_J)%]— 5o (11)

jz
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The interblock variation in A3 is thus an
aggregate index of the cuality variation in its seams.
for a programming formulation in terms of clean coal,
the yvield curve is useful to.infer the amount of raw
coal that needs to be handled at the level of a block to

supply a given cuantity of clcan coal.

3.3 Data on coal reserves:

The most comprehensive information on coking
coal rescrves was avallable in the appendix to the
Planning Commission task force report on Ceoal and‘
Lignite.l This information was compiled by the Jharia
coal survey laboratory based on 102 rcports of the Geo-
logical survcy of India and the Indian Bureau ©f Mines
(herea¥ter referred to as the JCSL Statement).

This statement reports coal reserves separately
for prime and medium coking coals. The entire coal
bearing areca in the country is first divided into coal
fields which are further divided into geological blocks.
The production centrcs for prime and medium coking coal
werc considcred to be geological blocks as delincated
above. Of the total number of blocks reported, we excluded
those which did not have significant (greater than five
million tonngs) proved reserves and aggregated blocks

which are adjescent to each othecr, so that finally each

e A T e, o T e e e e i T i TE T e T e o T . s T T T Y e S b e o

1l Planning Commission, "Report of the task force on
Coal and Lignite", Appendix 1 to 4 {(compiled by
Jharia Coal Survev Laboratorv, 1972).
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block had sufficient resource base from which production
could be obtained.
| Table 3.3.1 shows the divisionof the coal field

into various geological blocks separately for the prime
and medium coking coal._l

Each geological block contains a number of coal
secams. In each block reserves are rcported seamwise. In
cach seam the reserves are divided into three categoriecs -
broved indicated and inférred._2 In this study we shall
be working only with proved reserves, which are within 200
meters of workings, out crops or borchole.

The proved reserves (in ¢ach seam) are further
divided into four gquality classes. The classification

is as follows:

Class I 1+ less than 17% ashe.
. Class II : 17 to 24% ash.

Class IIT : 25 to 35% ash.

Class IV : 35 to 50% ash.

1 Coal secams which show prime or mcdium coking charac-
teristics ~re distincts, Hence though it is likely
that there is some overlapping of geclogical blocks
in the geographical sense, the prime and medium
coking coal blocks can b¢ considered as conceptually
distinct for the purpose of mathematical modelling.

2 For the classification see Vol. 88 GsI (1971).
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Table - 3,3,1 CODE FOR SUPPLY CENTRES.

g g S e s g s T e g P Y P W ke S e g S At e A0 g i e G P e W P e gt S e g R A B A g Sk e A o o e, e e i s o

Name AREA AS SHOWN IN THE RESOURCE STATEMENT (BLOCK)

T R g i T A i i O At Py, P T S et i Tl i T Y e e, g S S L W S e S ot R S e e T g, I g g e T gy, BT T

JHARIA (COal. FIELD) PRIME COKING

JP1 Private lease holds including BCCL, TATA, IISCO
Group of Collieries (Seams IX to XVIII). (The
private leaseholds are now nationalised except
TATA and IISCO Collieries)s

JP2 Parbatpur Block.
"JP3 Mahal Blocke.

Jr4 Kapuria Block.

JP5 Monidih Joma Blocke
JP6 Sudamdih Colliery

JHARIA (COAL FIELD) MEDIUM COKING

JIMY Parbatpur bklock, Kapuria klock with Kapuria
2 extension and Deogara arcea west of Kapuria block.

JM2 Private leaseholds (Seams V to VIIIA) (Now
nationalised).

JM3 Unledsed area to the west of Kirkend blocks.
RANIGUNJ (COAL FIELD) MEDIUM COKING

RM1 Chunch, Begunia, Rampur, Shympur (No.l to &),
Laikdih and Kharbari.

EAST BOKARO (COaL FIELD) MEDIUM COKING
EEML Swang, Govindpur and Uchitdihe
EBM2 Kathara, Jarangdih and Jhirki block.

EBM3 Chalkari, Kargali and Chapri blocke.

QOMLQ.-.
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WEST BOKARO (COaL FIELD) MEDIUM COKING

WBM1 Private leaseholds (Seams 1 to 13} (Now
nationalised).

WBMZ Unleased area (Seams 1 to 13).
NORTH KARANPURA {COAL FIELD) MEDIUM COKING
NKM1 Badam, Rautpura block.

NKM2 Ronhe and Chance rikba blocks.

RAMGARH (COaAXL TIELD) MEDIUM COKING

RGM1 Main basin (blocks 1, 2 and 3).
RGM2 Main basin (blocks 3, 4 and 5}).

RGM3 Private leaseholds in Gobardhana area (now
. nationalised).

e e T e B e A A T e YT T e e Ty AN R M T gy B e Kk T S G TP s s . T o e e e ST e e PO e g ok g T o e

Source: Planning Commission, "Report of the Tagk
Force on Coal and Lignite", Appendix 1-4,
Compiled by Jharia Coal Survey Laboratory
{1972).
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The statement also reports proved reserves which
érr as yet unclassified, which wo assume to ke of class
four (this is by the way of being prcpared for the worst).

For each seam in addition to the data on guality
(as indicated by the ash %) the following geological
information is also rcported.

(1} The thickness range of the coal secam.

(2) Depth range of the coal scam.

To get a complete geological picturc of the seam
we necd information on the dip, or the inclination of the
coal secame. The JCSL statement did not give dips for each
coal seam. Also it was not feasible to record dips of
individual scams. However data on tho average dip in
a geological block was available in the geological m: ps
obtained from the ccal industry, the dip of a coal scam

‘was assuﬁed to be the average dip of the geological
block that it belonged to.

Thus from the information rcported it is possible

to arrive at the geclogical profile of the coal seam

as follows:

See Figure 3.3.
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T = The average thickness of the seam.

Dl and D2 = The rangetf depth.

R = Total proved reserves im the seam.

1

o The dip of the seam.

The inclined length IL = (D2 - Dl) CosecC.g
vVolumcof the coal in the scam
= R/(8G : Thc spceific gravity of coal¥)
If SL is the strike lengthl
V = IL, T. SL

SL =V / IL.T =R / SG.IL.T.

i

R / SG-(D2 O Dl) COSCC'@ -To

Thus from the information reported the geological

profile of the scam may be arrived at.

3.4 Scheme for cstimating the secam lOVel total cost
function

3.4.0 Cost ﬁarameters and the base vear

The base yecar of the exercise is 74/75. As out-
lined in Scction (3.2) unit cost for each activity are
arrived at by adding up expenditure on variable inputs,
labour and an clcment of amortised capital costs depending

upon its life and the discount rate.. All costs in the

s kol S g s P B P ot e A it S R Yok g e B e st o Y i P MR ol e S et T ks P ks S el s e

* The gpccific gravity of coal is taken to be 1.5 gram / cc
i.e- Soe V01088 G-S‘I‘ (1971)0
1 For a detailcd discussion of this See - %

Shevyakov L., '"Mining of mineral dep031ts ’ Forelgn
besiciuOCR: web shithiizaliohusSing & WatermaleE a\Rlk
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base case arc expressced in terms of 74/75 market prices
and the discount rate used is 12%. The sensitivity of
the cost functions and the rcsulting production pregramme
is studied by departing away from the base casc in two
directions.
Caéc A : The impact of incrcased scarcity of capital ig
studicd by incrcasing the discount rate to 18%.
Casc B : The Labour costs arc re-cstimated at a shadow
wage rate, 714 timesl the market wage rate
the model is rcworked by decrcasing the wage
costs by a factor of .714.

Given a coal scam the methed éf estimating the
unit cost ©f production is schematically represented in
Fig. (3.4). For cach coal seam, wec assume that the mining
enginecr choscs that techniguce of production which
allows ﬁim to work it at minimum cost per tonne, which
includes the choilcc of whether the seam is to be worked
b& undeorground or open cast methods. In what follows
follows we shall outline how given the geclogical profile

of the scam thse are estimated..

1 Planning Commission (1974) gives the ratio of social
te market wage rate for different states. The rate
uscd refcecrs to that of unskillcd urural labour for
Bihar State. All the coal ficlds (except Ranigani)
are in the Bihar State, and the mining industry draws
its works forcc from thc rural population, thus the
ratio uscd may be considered an adecuate approxima-—
tion to thec social cost of labour employcd in the coal
industrye. *
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3.4,1 Estimating unit cost for underdround mining:

In our analysis we work with an idealised
model of an underground mine in which ceal mining takes
place in the following stagcs.

(1) FPacc work ¢ Drilling, blasting coal, and

transporting it along the face before it is
put on a trunk:transportation system.

(2) Transporting coal 'in-secam' by a trunk
transportation system to the shaft bottom at
the centre of the mining property.

(3) Transporting coal vertically through a shaft

to the surface.

In é sense the three stages of mining can be

" identified with costs which depend upon three geological
parameters of the coal seams. Face costs depend roughly
oﬁlthé scam thickness, in-seam transportation costs on
the dimcnsions of thé seam, and the vertical transport
ccsts depend upon the range of depth. The total cost of
mining is the sum of costs incurred in cach of these
operations. In what follows we shall outline in detail

how cach of these costs are estimated.l

T T T e T i e TR ik e e S i e AP e i o TP S ey o o e e s A s i iy T i T s e

1 An attempt was made to statistically estimate the
total cost function at the scam level (integrating
all three stages) using geological rarameters asso-—-
clated with a coal seam as cxplanatory variables.
This analysis reported in Appendix3Aiwas not sucgessful,
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A. Face Costs

It is assumcd that a coal scam is minéd by
repeating a standardised coal production unit (a coal
face) using a mining technique which dependson the
thickncss of the seam. Thus by face costs we mean the
expenditure incurred in mining coal and transporting
it to the out bye end within the mine beforec loading
it on a trunk transportation system. Thuse are the
costs incurrcd in timbering, cxplosives, coal cutting
machincs, labour employcd at the face and thc face trans-—
portation system. The gcological parame ter which deter-
mincs the face costs is the secam thickness. For thin
) séams, the workers have to work in aaouched position,
the movement of men and material bccomes difficult.s In
some casas, tho roof has tQ be blasted to facilitate
casy moveﬁont in gallcries. Similarly for thick scams,
the facc costs are high b¢cause the strata control
become g difficult, Face costs vary across seam thick-
ness boecause the mining enginecr ig forced to sWitch to
inhcrently cxpensive, technically feasible mining
technigucs as he moves to thick or thin seams. In our
idealised model of a coal mine, the mining technicue:
depcnds entirely on the thickness class to which the

coal geam belongs and therce is no variation in costs
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within a thickness class. Thus cost variation due to
factor productivity changes for the same mining technigue
practiced for varying thickncss within the same thickness
category arc rulcd out. Seams are divided into three
thickness catcgories and technically feasible mining tech-
nologics for cach of these are'idcntified and prcsented

in £able (Bedal)a Table (3.422) prescents capital and
,épcrating costs incurred in mining coal from a standardisodl
face using cach of thesc mining technicues. Units costs
for all the three cases considered arc reported. 72s seen
from table {3.4.1) for thick and thin scams, thcre is

one dominant tecchnology. For the secams of averade thick-
ncss, purcly from cost considcrations, only the cheapest
technigue need be considercd. Currently almost all the
underground production comcs from manual board and pillar,
which is,aﬁ_cstablished technicue of mining. We shall
assume that there are limitations to the rate at which

the mechaniscd longwall technicue, which is the checapest,
can be introduced.  Also in many cilrcumstances the three
technicues may not be strictly compctitive depending

‘upon on the spot engineering considerations. TFor seams

of average thickness, we shall use costs roferring to‘%

T T - e B iy v s, Sy o P T o e b S M g T, T B W e e s M et W GBS o SRS S T o T T . o o R T S iy .

1 A Standardised coal face is defined in Tablc (3.4.2) .
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Tablc 3+4.1

Feasible mining technologics for cach thickness

class.
Thickness Class Scam thickness
) Range '
Thin scams Less than 2 M.
Average* thick~ 2M to 4.5M
ness scamhns
Thick seams More than 4 .5M

o e S —— T i ik Y e S ) T S S e e W S S i e

o ————— T —— gy, 7 S e S T T e s,

Mining technology
feasible

T b o gl e S e S e e T e

Iong wall with solid

blasting.

Thc technology adop-

ted is a mix of -

(a) Bord and pillar
with manual
loading.

(b) Bord and pillar
with mechanised
load ing -

(¢} Mechanised long
wall.

+

French sublevel caving.

i . e e S A s P e P e

Source: Compiled from P.D.Nath

(1975).
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Table 3.4.2

e e o e i ——— o o = s e o P, R T e W T A S S S e

with
mechanised
loading

s p ———— e —— o Sy e e S et i T T T o s oy A —
e et ———  — - [ —

: ! ' 1
Unit cost of mining coal from a standardisced

differont technologics.

Labour (1)

Othcr ¢ .crating
costs (2)

Total operating
costs (1)+(2)

Carital costs
_Rs./tonne

Life of cquipment
(vcars)

Capital charge at
Als. rate

(a) 12%

(b) 18%

Total costs for bhase

casc

Total costs for

Case A 18% dis. ratc

®

Bord and
pillar (B.P.)
manual

B.P.

1'035

LT oW

30. 35

31.95

Mechanised
longwall

22.65

£3.25

facc using

Cost in Es./tonne

Longwall
L.W. with

solid

18

8.09
11.07

42.00

44,98

9.31
12.75

£7.00

50.44

rrench sub-
level car-
ving

<oORre
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Tablc 3.4.2 (contd.)

Cost in Rs./tonne

e e o s s — — — — e e e e e e A — - ————— S (e S i e T T e P e o M gy P T e e s G — T b o — v ——— A T —
g —— ——— - — — =

Ttems of Cost Bord and B.P. with Mechaniscd  Lohgwall  French sub-
pillar (B.P.} mechanised longwall L.We with lcvel car-~
manual loading solid ving
loading blasting

o . e e St T o o o e bl e T T ) T i o e T e T S S i e T s e e e T T T i T e e i T R et e e T e s e

9, Total costs for
case B
shadow wage rate 33.10 26431 24,07 37.58 4200

ks o e o it B T o o o Uk o i o P M o g R T e e s i e e e T e e P ot e W T e e e T e e b o Bk T g o ke S R o PR e i S e e e

Source: Compiled from Nath P.D. (1975)

1 Computations are reported with refcrence to a standardiscd
coal face, with the following characteristics -

. For a long wall face, the facc length is 150M
and a production of 768 tonnes/day.

. The bord and pillar methods the pillar size
is 21 M and a preduction of 450 tonncs/day.
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an. average technology, based on the projccted share
of cach of thesel. The industry projections for the
share of cach of thcsc technolegies is indicated in

Table (3.4.3)«

Table 3.da3

o . T s o ke e . S B o b T e Bkl P o et P ok ey P P S P gy A g e P e o e R et o o e g g T e

Technology Projected share (%) of cach technology in
the total output for vears
76/77 78/79 83/84 85/86 T1lcighted

average
ovaer tan
vears

Manual Board

and Pillar 100 7€.82 33.85 22.4¢ 60

Mechanised

Board and

Pillar O 9.62 23.71 27.46 25

Mechanised >

long wall 0 13.56 42,44 50.05 15

it e ke i o s et e o A LA e .t o W oy o e ity Y Py P MR P e it e el P e e S v

Source: Project black diamond.

o i b okt S T e Ty o [ e o o g P T . o e et o W M Tt By g A SR lf sy o o g e ol e T e T e g e

1 This may only be considered as approximation since the
share rcsulting from the model may be at variation
with the sharc uscd hcre.

2 The share is arrived at by using the information at
the four peints and by assuming a lincar transition
from one statc to the othecr.
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Thus the medium thickness scams arc worked by
a mix of technologics over the next ten years and the
cost corresponds to the weighted avcrage (weighted by
the % share) of individual technologiecs, computed as
fellows: |

39.60 x LB0 + 30,35 % L1585 + 28.62 x .25

Cost pcr tonne

35.47 Rs.

The costs fer cach of these technologies are
worked out at 18% discount rate {(casec 4) and shadow
wagc ratc (case B): and thc above proportions arc uscd

to arrive at the cost rcferring to an average technology.

B, Cost of in~scam transport

The cost of in~-scam transport is the expenditure
thét is incurred in transporting coal from the face (oﬁt—~
bye end) to the shaft bottom. These are costs incurred
on men, and material, and the capital costs incurred in
the installation of the trunk transportation system. The
total in~scam transport cost thercfore depends upon the
length of haul, from the outbye end to the shaft bottom.
Clearly in ény given year, the cost of in-secam transport
would depend upon the choice of faces to be worked =
whether it is near or far away from the shaft bottom. We

shall however compute the in-scam transrort cost incurred
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pPer tonne on the basis of average distance over which

a tonne of coal is transperted over the life of the scam,
thus inter-seam variation in transport cost is a rcsult
of inter-scam varlation is haul-length which depends upon
the dimensions of thc scam.

If, CHT : Average in-scam transport cost over
the life of the mine.

ITC : Cost / tomne-KM of carrying coal under-—
ground. .

L : Mverage distance over the lifec time of the
mine.

thcn CHT = ITC.L RS./tOnne.

Fig (3.s5) shows thc idealiscd mine design in
whlch the shaft is sunk at thg centre of the propertye.
The average distancce (L) over which a tonne of coal is
transported is computed by -

L=Y% (SL 1+ SL2) = Xxy+yz
where

' SL 1 is the total length along the strike
S8L,2 is the length along the incline.

We: assume that the underground transportation
is carricd out by méans of a beclt conveyor. Estimatcs
of capital andopcrating costs incurred in operating a
belt convcyor system to carry 1 m.t./annum, undecrground

. . . : 1
@re computed from cnginecring calculations. We assume

I Mishra, B.C. (1976).
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constant returns to scale and that costs vary lincarly
with distanccs The capital costs are amortiscd over the
life of the belt conveyor as discussed beforce. The
gstimates of cost of underground transport/tonnc kilometre
arc rcportced in table (3.4.4).

Table (3.4.4)

Cost of underground transportation using
belt convecyor system of lcength one kilometre.

A e e M T T o i . D S}y T TP . it 7T et e e e, S e . P g . T . S S A o et e e it e Vo g i s

Item Cost Rs./tonnc KM.
Labour (Rs./tonnc) 2.4
Opcrating cost stores and power
(Rs./tonne) 1.2
Cost of eguipment (Rs./tonne) 13.67
Lifc of coguipment (ycars) ()
Capital chargec at discount ratc 12% 6.56

(Rs./tonho) 18% 8.58
Total cost for base case (Rs./tonne) 10.16
Casc & (18% dis. ratc) 1X:a8

Case B Shadow wage rate 9,47

T ot e s S S gy T T ot T W ek ek PV . g B e Bl e W SR o e gt ot T T Ut i G S it v S M St o s v T P e S s e e e

C. Cost of vertical transport

In the idealiscd model of the minc, coal is
transported from the centre of the property to thc

surface through a vertical shaft. We arc trying to
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identify expenses incurred in mining that depend upon
the Cepth of operation these consists of haulage costs
together with pumping and ventilation cests. In both
cases we have engineering estimates available for costs
incurred in handling 1 m.t./annum from a 1loC M. deep
shaft. We assume that all these costs are linearly pro-
rortional to depth and that there arc constant returns
-to scale. Thus interseam variation in depth costs is a
result of interseam variation in depth. Costs of ver-
tical transport arc estimated by -

CVT = VTC" 5D

where

cvT Total cost of vertical transyort.

VTC : Cost/tonne of sérvicing a scam lOC M.decp.
sD : Deprth of the shaft.
As shown in figure (3.5) SD is = (D1 + D2)/2 where D1
and D2 are the range of depth of the coal seam. '
Table (3.4.5) ¢ives the engineering estimates of cost
of carrying a tonne of coal to the sﬁrface from a ccal

to the surface from a cecal seam 100 M. deep.l

1 Costs incurred in construction of the opening of a
100 M. deep shaft to produce 1 M.t/annum are
Es.12.45 Million. These strictly would have to
e considered as sunk non shiftable costs and thus
the life over which those have to be amertised will
depend upon the life of the scam which it will
service. If the life of the scam is computed to be
10 years instead of 15 the capital costs would be
understated to the extent of C.37 Rs./tonne, which,

"is only 2.46% of overall cost of vertical transport.
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TablG 3 .,‘4 . 5

Cost of vertical tr-nsport/tonne / 100 M. deep shafts

Item Haulage Pumping and Total

Cost ventilation Costs

costs
l. Wages & Salaries 3.66 1l.74 5.40
2., Power and Stores .96 l.01 1.97

'3, Total operating Cost
1+2 (Rs./tonne) 4.62 ' 2.75 7.37

4. Cost of constructe =
ing the opening and
providing equipment

Rs./tonne 36.44 12.86 49.30
5..Life (years) 15 1o -

Capital charge at ’

dis. rate = 12% 5.36 2«27 T+63

18% 7.14 2.85

Total cost for

Base Case 9.98 5.02 15.00
Case A 18% dis. rate 11.76 5 .60 17.36

Case B Shadow wage rate B8.93 4425 13.18

Sy P U S TR SRR S —— R L SUSRE Y - o i

Source: Mishra B.C. (1976)
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D4 Output and Administrative Overheads

In general only a fraction of the in situ
reserves can be mined. In our study we have adopted
a figure of .5 bhased on the judgement of mining
engineers. E.Li:Rhodes o?oservesl "an accepted factor
in Britain for translation of workakle reserves {(which
‘are generally less than in-situ reserves) into minable
reserves 1is 5" thus by applying 50% to the in-situ
reserves we are being optimistic.

To the underground mining costs as discussed before,
are added administrative overheads and surface handling
costs. From our data on Jharia coal fieldz, it is found
%hat thesc are és.8.56 / tonne, to this are added sur-
face handling charges of Fs.l.5/tonne. Thus the total
overhcads of Bs.lo/tonne arc added to the unit operations
costs for underground mining.

3.4e2 Estimating unit costs if the seam was mined
using open cast (C) technicues

In the case of open cast opcratiohs it was
possible to summarise the geological attributes by means
of a single variablghasely the strip ratio. The strip ratio
(also known as the coal overburden ratio expressed as

MB/T) indicates the amount of overburden, which must be

1 Rhodes, H.L. (1972).

2 Appendix 3al.
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removed tO win a tonnc of coal. The strip ratio is
found to ke an adecuate proxy for the geological com-—
plexity of the coal secam whercas no single proxy could
be designed for UG mining.

Data were colleotced from 26 opPen cast workings
of the central coal ficlds limited. The data gave, the
strip ratio and cost per tonne for two halves of the
yvear 74/75. These were pooled together to make in all
52 observaticnse. An analysis of the cost data shows, that
the average per tonne cxpenditure on capital (deprecia-—
tion + interest) forms only about 2.54% of the average
cost Oof mining. The capital charges in the industry are
goﬁputed by using the straight line depreciation and
charging a 1l0.5% intecrest on long term loans. The loan/
equity ratio in the coal industry is 2:1. Thus the factor
by which the gross fixed assets are multiplied by to
arrive at the capital charge is computed as follows. If
K is the capital charge per tonne, L is the life of open
cast equipment, then, the depreciation and interest

charge / tonne is as follows.

=+ o] - x (e o]
t L + g.‘k.lr.g = K T + Jel e

where K/L is the dcpreciation

g 1is the loan equity ratio,
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Thus the implicit capital recovery factor is ( % + geLs )
which for L = 12 ycars, ¢ = 66 and r = 10.5% is
equal to .153. This implies an economic discount rate
of roughly 11% / annum (for a life of 12 years). This
establishes compatibility with the way underground
mining costs are computed. Cost per tonne at 18% dis-
_count rate are computed by increasing the capital
charge for each colliery by a factor of .208/.,153,
(where .208 is the capital recovery factor for 18%
discount rate for a life of 12 years). Similarly for
case B, thc wage costs are decreased for each collieary
by a factor of .714.

The impact of the strip ratio on the averade
costs as defined above, was estimated by a linear
rcéression. Takle 3.4.7 reports the results of the re-
gression analysis for all three cases considered.

Our aim is to use the reciation to predict the
cost per tonne on the basis of the strip ratio. The
linear relationship fits with an R® of .45504. which is
low, however, both the coefficients have small encugh
standard errors to makec them significantly different
from zerm,

ihe addition cf the term (SR)Z, improves the
fit only marginally (R2 increasing from .45 to .46) at

the same time both the coefficients have low t values.
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The log lincar form fits with a lower R2 (.326)% Thus
in our study it was decided to accept the linear rela-
tion 2s the most suitable ﬁnderlying model. This
relation is used in combination with the strip ratio
to predict cost/tonne.

The strip ratio of the seam is arrived at as
follows : See Fig. (3.3).

volume of the coverburden assoclated with the seam.

il

v Volume of the trepezoid PQRS | 0

1 (Dl + D2). QR.SL

t

v

OR = (D2-D1} ,Tan:e

Vv =% (D2 + pl) (D2 - Dl) , SL /1am & (Million Cubic
: : ‘ Metres)
Reserves in the coal seam = R m.t.

Strip ratio = V/R = M3 / tonne.

It 1s important to recognise at this stage,wthat
the strip ratio reported in the data corresponds to the
strip ratio in that half ycar, whereas the stfip ratio
c&mputed from the scam profile corresponds to the strip
ratio over the entire life of the mine. It is known
that the half yearly strip ratioc may fluctuate a grcat
deal over the life of the mine, (abocut the average
strip ratioc for the entire life). We hope that in the
cross section data these variations are cancelled out,
the half yearly strip ratio being higher than the
average strip ratio in some and lower than the average

in others thereby reducing bais in prediction.
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Table = 3.4.7

Regrcssion ahalysis with strip ratio and cost/tonne
for the base case, 12% discount rate and market
wage rate.

(1) Average 5

Cost (AC) = 24.325 + %9.800 + R® = .45504
(9.917) 4.612) ol
£ =1 g . 5 GRGD R = .6745
. } 2
fip + 16.4992 SR + 2.32205(SR) -
2 : 1 ot 4 y
(2) ac '%20 %ggg) (14 .604) (2.4187) R%=.4651
o :.1 2805 t = 1,129 t = ,960 R =.681¢®
(3) Log AC = 3.8875 +  .697639 Log SR 2 . .
(4.4154) (.1416) T RTE .32673
t = .8804 t = 4.925 R = .5716
CASE 2 : At 18% discount rate.
(4) AC=24.4832 + 29.7794 SR -l TS
2.4749 £ = 6.473 By = w6732
CASE B : &t shadow wade rate.
(5) AC=21.8442 + 21.6542 SR R® = ,4529
(7.2366) . (3,3652) R = .6730

t = 3.0185 t = 6.434
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Feda3 Cost of Washimg and impact of cuality

The reserves of coal in a scam are divided into
four quality classes, depehding on the ash content.
Coal in c¢ach class when washed to a brespecified guality
has a spccific yield. We use an econometrically estima-
ted relation to predict yeield in each of the guality
classes. For this purpose the following relation was
estimated based on data from 8 washeries.

L = 26.025537 + 2.80465 RA - 3.582583 CAY (1)

L = Loss of coal in.the washery, vield = (lpo-L) %

RA

Ash in the Raw coal, as mined.

CA Ash in the clean coal.

The ash in the raw coal was assumed to be
Qashed down to 17%.2 Given the data on the raw coal ash
RA, and the guantity of coal in cach cuality class it
was possible to arrive at an average yviecld of a coal
seam.3 The predicted yield in the four cuality classes
was: (predictioné being made at the mid-point of the

interval).

Quality (1) Ash % Yield % (ai) at 17% ash.
1 less than 17 100
2 17 to 24 7646
3 25 to 34 51.0
4 35 to 50 20.0

Source : Using regrecssion (1)

e e e e e e e e e e e T e e e e e o o e o ey ¥t it o o ey o e 04 St e i ey T T T e o g S 7 o gy T P

1l For a detailed discussion see Appendix 2.
2 See Appandix 322.

3 This rules out the possibility of selective mining
within a coal seam, nevertheless this may not always
be a technically fcasible option.
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Table =~ 3.4.7

i A A gy i T e g bl MR e e . AL S s A gy S e o g e e W e g S R S S P o gy e T e s S e S el gy, e s R

Unit oost of processing one tonne of raw ccal

e e i Y R g T T o et e L R S P P s B S M T T T ket U i T Ly i T T T P T T ol ey g T S o it

Item Cost Rs./tonne
1. Wages and Salaries o =38
2. Other opecrating costs 11.07
3, Total operating costs (1)+(2) 12.45
Capital Costs Rs./tonne. 57.05
Life of the washcry (years) 20

Capital Charge at discount rate

Rs./tonne 12% 7,64
18% 1¢.67

Total cost for base case
12% discount rate 20.09
Case A 18% dis. rate 23.12
Case B at Shadow wage rate 19.69

.y e g, PV v, ) s S v e e vt s s i, b i e Bl i S i —— —— U e A s T i P e e gy P S Ly

Source : Feasibility Report
for Nandan Washerve.
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If 'R! MT were the total minakle reserves and Ri are the

reserves in the ith quality class.

R = Ri

Ha e

The clean coal cutput when the coal from this seam

is washed can be computed as follows:

g |= J &i Rri
1
where 0 = Clean coal output
al = Yield in the ith cuality class

+ « The average vield factor Y for a Secam with a

composition Ri (i=1l, 2, 4) is computed as

Y = ) ai Ri /*R, which tells us the amount of
i
clecan coal obtaincd when a representative tonne of coal
from this seam is washed. The cost of processing a tonne

of raw coal is taken again from detailed engineering

estimates of the cost of setting up & washerv of capacity

1,2 Met/annum. Assuming constant returns to scale, the

cost of processing a tonne of raw coal is as set out

in Table 3.4.7.

3.5 Data and results
1
)

Table (3.5.1) shows the total Prime and
Medium coking cozal reserves in India by coal fields,
cach of which 1s divided into geological blocks. The

reserves in cach block asre classificd according to their

g A T kT TR g TR P g e S o o et bt b o e el Ted ) TS T e U S e it o et Tt P i L it T ) S AT T TV Mo R S M S e —

1 Tables 3.5.1 to 3.5.10 are given at the end of
section 3,54
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guality class and degrec of-uncertainty indicated by

the proved, indicated and inferred reserves. The total
proved reserves of prime and medium coking coal are
3645.29 mt. and 4616.67 m.t, respectively. For each of
thésé.geological blocks, tﬁe cumulative cost function
and vield function is estimated. The interblock varia-
tion in geological complexity is capturcd for the base
_case i.e., at market prices (72/75) and 12% discount rate.
Table (3.5.2) gives the summary of all the paramcters
used in constructing the BLCCF.

Table (3.5.3) shows data 6n,a sample block JP3,
the Mahal block of the Jharia coal ficld which contains
in all 13 seams. To each seam in the block the estima-~
“tion procedure outlined in secction 3.3 is applied to
arrive at the seam level total cost-curve and the averade
yvield of clean coal. These seams are then ranked and
are reported in Table 3.5.4. Of the 13 seams four are
mined using open cast techniqueg and the rest are mined
using underground methods. The choice of mining a secam
by underground or open cast methods is made scparately
for cach seam depending upron its profile.

Table 3.5.5 shows the broad characteristics of
the geological blockse. aAs the in-situ reserves arc first
translated into minable reserves and then are further
translated into useful clean coal rescrves washed

down to 17% ash. The c¢stimate of the useful coking
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coal rescrves is considerably scaled down from-3645.29 M, T
to 1416.219 M.T. for prime coking cozl, and from 4616.676
M.Te to 1157.806 M.T. in the case of medium coking éoal.
However our knowledge akout tﬁe reserves must not only
relate to the total availability but zalso to the cost
structurc of the deposit.

Table 34546 gives us in each block, the pro-
portion of the open cast to underground production -
suggested by the model, This propeortion is low in the
Jharia coal ficld and becomes much hicher as we move to
outlaying fields like Ramgarh, Morth Karanpura and Bokaro.
This seems tc be the result of the large number of
thick scams occurring in this area. The last column
in table 345,85 indicates the maximum strip ratio from
all the seams that are mined using the open cast method
in other words it is the strip ratio that is associated
with the most expensive open cast mine in that block.

It is important to notice that this exhibits a con-
siderable variation across coal fields and even within

a ¢oal ficld. Thus it seems difficult to suggest a cut~off
strip ratio for the entire industry as the strip ratio
above which UG mining is recommended. The choice of

open cast vs underground has to ke made separately for

cach seae
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The pro¢edure outlined in Section (3.3} is
applied to ‘all the seams in a block and the set of
points (CJ, QJ) defined by the following relations: is

obtained -

The BLCCF is obtained by approximating this

set of points by the following polyricmial.

¢ = Alg + A2 0% + tu o, i S, & ) (1)
. ’ u

However while fitting the form (1) by OIS,
in some blocks there was a high degree of multicollinearity
between @ and Q2. Similarly it was found that residuals
in (1) increased with Q, the cumulative output. The

following alternative functional form was: estimated

% = Al + A2Q0 + te, te ~ (O, § ) (2)

Thus if tu were not distributed on (O, :3 ) but

u
rither tu = te.Q where te ~ (0O, 3 ) estimating (2) by
e

OLS would remove hetroskedacity in (1).
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The yvield factor a3 is estimated by the
seatter of Raw coal and Clean coal content in each
seam (RJ, 0J), by the following

. RI-QJ

- J
AT (3)

2 L 4
Q
Lo

Estimates of Al, A2 are presented in Table 3.5.7, along

with the R2 and standard errors ©f the estimates. These,
are summarised and reported together with the yicld
coefficients A3, in Table 3+5¢8. The cumulative cost
functions are represented by fig. ﬁ,?; by plotting the
marginal cost curves MC = Al +2A2;§. Al represents

the marginal cost a0 = O and A2 shows bw fast the $ar—
ginal cost increases. The values of Al and A2 are thus
reprosentative of ﬁhe nature of geological detericra-
tion at the level of a block. Blocks which have poor
yield JM2, EBM2, have steeply rising marginal costs.
Similarly the high cest blocks of North Karanpura NKM1,
NKMZ2, also gseem to be basically the resglt of poor
quality coal seams in this arca. (a3 = 1.889 and 1.851).
However, it must be stressed that no generalisation
seems to cmerge. It does not seem pessible to have an
idea of the underlying economic importance by looking

at falling cuality of increasing geological complexity

alonec. It thus geems best to think in terms of a BLCCFE

-
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BLOCK LEVEL MARGINAL COST FUNCTIONS  Fig. [ 3.7 ]
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which gummarises the simultaneous impact of these

two dimensiorg of gconomic valuation of in-situ coal
scams. The variatian in the discount rate and tle
price of labour ha;ZEmpact on the BLCCF that has to be
traccd from its impact on the scam level total cost
curves. Depending upon whether, the seam is mincd
using OC or UG technology, thce impact of making capital
cXxpensive or labour cheaper depends on the rclative
share of these components in overall costs of mining
the scam. It is clear that secams in which capital
intensive technicues arc selected, (which have a higher
share of capital costs) become more expensive as discount
rate 1s incrcascd to 18%. AL the block level the
impact can take the form of a chandge in ranking and
change in the mode of mining. All these effects arc
summariscd by obscrvir~ the changes in Al and AZ2;

Table 3.5.9 reports the values of Al, A2 for the two
cascs considercd. TFor an increase in capital costs the
Al and A2 increase uniformly over the basce casc whereas
in the casc of using tho shadow wage ratce they decrcase
uniformiy over the base casc. The increase in the
capital costs incrcases the cost of open cast mining
marginally and the decrcasc in labour cost decreascs

it significantiy. Thus for koth cases A and B, the

modcl opts to exploit morc seams by O/C methods than
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undergrocund methods. Blocks in which thcse two
technologies are competing would show dccreased
underground production in the two cascs. Table 3.5.10
gshows how the underground production falls in the

two cases. As scen from the table 8 mut of 20 blocks
show no change which indicates that the geological

- structure of these blocks leads to mining technology,
which is inscensitive to the changes in the relative

price of capital and labour.
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Talkhle —
Name

1
PRIME COKING
Jrl 607 .99
JP2 247 .60
_JP3 89.48
Jp4 -
‘JP5 -
JP6 29.81
TOTAL

JHARIA 974 .88

e — . T 1 o ek e e B s T e e T ek e o e T e o o oy T B P R oy e e e T T i e ekt o o A h e e e

1268.63
457.96
133.80

74 .36
244.51
21.79

MEDIUM COKING COAL

JM1 4.18
JM2 13.07
JM3 3.87
TOTAL

JHARIN 21.12
RML 262.76
EBM1 5460
EBM2 5.79
EBM3 31.53
TOTAL

E . BO-

I(Z\)RO 42-92

106.5
354 .32
3742

498.02

132.32
120.91
15.75
68.864

" boswsaa

COKING COAL RESERVES IN

3 4
13e.11 =
41-57
30-95 hd
211.63 -
245.16 67.28
245,16 67.28
15.94 -
15.33 147.89
19.77 5.48

35.10 153.37

Unclassi-—

fied

563.21
34.88

598.09

282.96
361.66

5.095

367.756

22¢€4.414
705, 64
264.68

T4de36
244.51
91.55

110.68
930.60
388. 39

1429.67

£93.98
488.17
184,76
131,79

804.72

INDITA

560.00
1022467

1582.67

593.05
106.96

55.72
228.18

390.8¢

Figures in Millicon Tonnes

332.98
2993.93

332€.91

796.08

4158,32
705. 64
3€8 .41

74,36
244,51
91,55

110.68
1823.58
4404 .99

6339.19
2082411
595.13

240.48
359.97

1195,58

contd. ..
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R v

Proved Eeserves Class Unclassi-—~ Total Indicated Enferred Grand

Name 1 2 3 a ftied Total

wBl 23430 53.41 347,41 «84 67.28 490.24 “782.12 120412 1392.48

WB?2 - 67.61 253.28 3.8 29.73 354 .42 1131.96 200.21 lg86.59

TOTAL

W i ] .

BOKARO 23,30 121.02 598.69 4 o664 97.01 844 .66 1914 .08 . 320,33 3079.07
‘ NEKML «51 40417 145,21 9.50 58.93 249.32 l636.42 405.83 2291.57
. NKM2 - 2kt 1. 88.79 11 .89 49,07 151.85 723.07 142,73 lo24 .65

TOTAL :

PURA «51 42427 234 .00 21.39 103.0 401,17 2369.49 | E55.56 3316.22

RMG1 - 103.68 2322 - - 315.88 10.54 - 326,44

RMG2 = 11.6 27.036 - 12.09 50.726 187.43 33.88 272.036

ERMG3 e 27 49,53 14 .49 - 6.58 75.87 73.86 37«24 186,97

TOTAL .

RAMGARH .27 164.81 258.726 - 18.67 442,476 271.83 71.12 785.426

TOTAL

Me

COKING 35088 1163.964 1387.616 246.68 1467,486 4616.676 7111.98 5070.00 16798,636

TOTAL

PR IME+

MEDIUM 1325.76 3365.01 1599.246 246,68 1725.196 8261.966 8647.74 5530.73 22440.436
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R P ¢ OF IFE  PARAMETER S USED.

" A

---...---——-----—a———,_.,__..--—.__._-——-...o-—.__._———--———'—--""————————"—4——'—"-———-'——'—-—-—-——-—.———————--————___

Itoems of Cost

Underground Mining

Face costs {Rs. / tonnc / vear!

Bord and E.P.
Mechani~ wall

Pillar

{BP) manu~ sed lo-

al load- ading

Long-

(L.W.)
mochg-
niscd

L.We. French
with sub-
solid level
blast= ca ving
ing

costs

Vertical Washing
trang- Cost

port Rs./tonng/
cost Rs/ vyear.

€or belt- tonne/

conveyor
Rs/ tonne

T T T o o e P
— -~ —— T e e e e e e T —— - W o i e e e

A P e — - —— e . —— p— — s —_—— e T At e e i — - —— — —
e T e R — i ——— — — — Y ——— ————— ——— —r—
— e — et ———— — g —

ing
Lzbour 22.72
Other operating
costs 12.81
Total opcrating
costs (1)+(2) 3558

Capital cost Rs./tonnc 29.49
Lifc of eguipment(yrs) 18

Capital chargc at
dise. rate
a. 12% 4,07

b. 18% 5457

Total costs for Base
CASE (12 dis. rate) 39.60

CASERLEY% dis. rate 41.10

CASE B shadow wage
ratc 33.10

26,00
XI5
18

22.65
43.25
18

18.46 20422

33.91 37.69
58.61 674 50
18 18

Source : Compilcd from Nath p.D.
Mishra, B.C. {1976)

Vit

A S

Alermarcec-eva

{1975)

£ 15)

loc M.
5.40 1.38
1.87 11.07
7437 12.45
49,30 57.05
- 20
7.63 7464
9.99 L@h &1
15.00 20.¢9
17.36 23.12
13.18 19.69
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Talble ¥.5.2 (coptdal

B. Opcn Cast mining

B..SE CASE ¢ AC = 24,325 + 29.800- SRe

CrRSE A @+ 18% discount rate 2C = 24,483 + 29,779. Sk.

CASE B : Shadow Wage rate : AC = 21,841 + 21,654, SR.

8 -
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able = 3+5.4 Seamwise costs of (JP3)

l I e e e — e e ——————— — i —— ——— . — —— e T D e i ——— A — — —— P T ————

(Minable)} Clean Seam Trans-— Average Strip whether Yield Average Total Total

lame Gross Coal Thick— portation Depth Ratio O/COR  Fac- Cost Cumula- Cumu-
Reserves (Reserves) ness pistance (M) w37 e tor  (R/T)  tive latiee

(MT) (MT) (M) (M) Output cost

(MoT-) (M-RS.)

B - w ————— - T ey ———— i —————

IAVRY:N 22.825 17.483 77.8 479.469 304.5 244 oC L.30% 67.797 17.483 1185.36
Com- _
. bined 16,92 16.92 17.285 486,407 304.5 1.103 cC 1.00 76,983 34,403 2487.,92
Bottom 2.59 2.59 2.40 468,200 304.5 7.948 UG l.00 11lt.798 36,903 2787.85
4.90 2,90 3.65 483.252 304 .5 5.226 UG 1.00 115.847 41.893 32°'[ .50
II 8.375 8.375 3.80 463.473 304.5 5.019 UG l.0c0 11l6.009 50,268 432%.,08
~7I Bottom 11,955 Ti30/5:5 6.18 481.362 304.5 3.086 UG l.oc 127.488 62.223 5851l.20
11 17.40 iz, B 9,925 465,350 304.5 1.972 oC 1l.3C6 131670 75.540 7604.65
TIT 10.75 8,735 9.040 450.635 304.,5 2.110 oC 1.305 138.836 83.775 8747.90
IT TOP e 125 2.405 2,550 474,798 304.5 7+480 UG 1,305 151.210 86.180 9111.60
11T 4,675 3.581 2.550 476.410 304.5 7.48C UG l.4c4 151.357 B89.761 9653462
v 8.125 6.224 5.130 477 .93° 304 .5 8.,71¢ UG 1.213 166.348 95,985 10688.93
I Bottom 4.885 2.491 2,400 491,656 30445 7.948 UG l.038 227.4C6 98,476 11255.48

15.90 8.109 6.400 470.279  304,5 2.980 UG  1.267 25C.179 106.585 13284.18

Source : JCSL Statement.

€8 -
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Table = 345.5 : EROAD CHARACTERISTICS “OF GEOLOGICAL BLOCKS:
Name of Area No. of Dipe. Miniable Miniable
the Block (Sq.Km) Seams (Deg- Reserves Reserves at
rees) (M. T.} 17% Ash
(M. T.)
JPl NA* 18 25 1132.22 848,829
IP2 25430 14 22.5 350.32 313.074
JP3 4453 13 20 132.425 106.585
JF4 8.46 15 25 37.180 20,647
JE5 14.13 10 20 122.255 93.647
JP6 5,14 . 7 35 45,775 33.437
Total Prime Coking: 1416.219
JMl NA 13 22.5 554340 42.870
JM2 NA 7 20 452,230 149.064
JM3 NA 11 25 194,195 83.148
RM1 NA 15 20 346,990 214,41
EBM1 19.29 27 14 244,085 141,331
EEM2 17.17 13 15.5 92.38 274625
EBM3 NA 15 11.5 65.898 46,047
WEML NA 13 10 245,120 126,990
WEM2 NA 13 17.5 177 o2 93.834
NKM1 64.0 14 20 124,66 59.011
NKM2 35.8 il 20 75.925 29,541
RGM1 NA 17 15 157.980 93.840
RGM2 NA 22 1o 50.49 25,363
RGM3 NA 26 10 37.935 24,732
Total Medium Coking 1157.806
Total (PrimetMedium Coking) 4130.983 2574 ,025

*This area is not reported in the JCSL Statement.

Source:

—— i — ey i ——— o |

Model Output.
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Table - 3.5.6 H PROPORTION OF OPEN CAST/UNDERGROUND

PRODUCTION IN EnCH BLOCK.

e o e e ¢ i Bt i T g, St o ek 3t it S s PO gt e A T e o ST T g e i T e o Y g il et e i S LA S S ot Bt o,

Minable Production Production oc/ Maximum

Name Reserves Open cast Underground TOTAL Strip

(MT) (MT) (MT) Ratio

e
e
JP1 1132.22 427.145 17054075 3772  2.874
JP2 350.32 140.805 209.515 L4019  4.64
JP3 132.425 6788 64 .54 95112.5, 2.110
JP4 37.18 o) 37.18 o) —
JP5 122.255 0 122.255 0 —
Jp6 45,775 39.33 64445 .8592 2.061
JML 55434 il 3y %6 54 .08 «0227 —
JM2 452423 298.27 153.96 «659 1.107
JM3 194 .195 134,955 59.240 694 1.801
RM1 346.99 1454695 201.295 4198  2.225
EBM1 244.085 202,815 41,274 .8309  2.167
EBM2 92.38 76,72 15.66 . 830 . 798
EBM3 65.898 60.93 4.958 29246 2,662
WBM1 245,12 151.78 93.335 « 6192 2. 805
WEM2 177.21 96.67 80.54 .5463 2.726
NKM1 124 .66 120.86 3.795 L9695  1.592
NKM2 75,925 72444 3.485 .954 1,546
EGM1 157.980 120.345 37.635 « 7617 2585
RGM2 50.495 lo.165 404325 .2013  2.448
RGM3 37.935 29.265 8. 67¢ 771 2.880
Source:; Model Output.
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Table - 3.5.7 : RESULTS OF THE REGRESSION
AC = 21 + 7.20 {(BLOCKWISE)

o o oy = e e . L e T T o T T T = et S 7T i T e T T o o S . T T o o T o e Y T (o . o o P o

2
N(—‘me Al A2 R
JPl 117.81437 04435 .9831
(.8484) t = 138,85 {+00149) t = 30.591 (18)*
JP2 120.956 .2048 . 886
(3.781) t = 31.98 (.02114) t = 9,689 (14}
JP3 54,029 ' L6161 .9849
(1.6815) t = 32,1304 (.023) £ = 26,79 (13)
Jps 169, 3396 1,5329 . 8990
(5.5814) t = 30,3396 (.2966) t = 5,167 (5)
JPS 158.,7934 .5152 . 8939
{3.6248}) t = 43.8089 (.6275) t = 8.211 (10}
JP6 57.9968 1.9234 L9643
(4.1201) t = 14.0764 (.1655) + = 11,621 {(17)
JML 129,6827 242577 .62186
(14,7383) t = 8,798 (5308) t = 4,253 (13)
JI2 227.9495 L3161 L9431
(4.2588) t = 53,5236 {«0347) £ = 9.103 (7)
JM3 82.4738 1.5711 L6772
(22.1358) t = 3,7251 («361549) + = 4,345 {(11)
RM1 98,7926 . 3768 .8804
(6.5306) t = 15,1276 (43850) t = 9,86 (15)
EBMl1  91.4547 . 3025 LE1172
(7.427) £t = 12.314 {(.07836) t = 3.860 (27)
EBM2 68.478 5.2697 .9371
(5.4811) ¢ = 12.4934 («4114) t = 12.809 (13)
EBM3 49,7310 1.2760 9357
(2.8111) t = 17.690 (.0921) t = 13.854 (15)

*Figurcs in bracket indicate the number of scams
(ocbservations).
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Table 3.5.7 (contd.)

ot e ey e - — T —— T ———— " p— T —— — ———— T L . —— ks S e S g = M S e e e b e S A S N S S W e o ot

Name Al A2 R2
WBM1 156,044 .4173 . 9785
(1.675) t = 93,12 (.,01864) t = 22.376 (13)

WBM2 1606697 W 5657 .9184
(2.7598) t = 58.2162 (.05081) t = 11,133 (13)

NEM1 118, 6098 . 8381 .9816
(1.6438) + = 72.1524 (.03307) t = 25.338 (14)

NKM2 129.5736 2.0469 9833
(1.795) t = 72.1626 {.08865) t = 23,088 (11)

RGM1 53.8153 1.1533 .8729
(5.6001) t = 9.609 (.09839) + = 11.721 (17}

RGM2  94.0639 4 .8590 9697
. (2.85) t = 33,004 (.1919) t = 25,319 (22)

RGM3 80. 8579 2.4943 .9546
(1.9818) t = 40,7988 {(.1109) £t = 22.489 (26)

— i — ke Wt o Ak Y= T it g Wt Ve o Wi g o i T A A S P S g A e S S e AL . B gt B G S gl e il P - e L S

Source: Model CQutput.
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COEFFICIENTS OF BLOCK LEVEL CUMULATIVE
COST-FUNCTIONS/YIELD FUNCTIONS

Table — 3.5.8

o e o e e e et e i e s B e e e M— o L —— e T ——— e Sk e e g L e ek i e e

Source:

MODEL CUTPUT,

Name Minable Clean Coal Yield
Reserves at 17% ash Factor Al A2
(M.T,) (M. T.) A5

JPl 1132.,20 848.829 1.3096  117.8143 - ,04435
JP2 350.20 313.074 1.0840  120.9560 = .2048
JP3 132.425 1064585 1.1835 54.0290  .6161
JP4 37.18 20.647 1.3055  169.3396  1.5329
JP5 122,25 93 .647 1.3055  158.7934  .5152
JP6 45,77 334437 1.3660 57.9968  1.9234
JMl 55434 44,87 1.2966  129.6827 2.2578
T am2 452,23 149,064 3.027  227.9495 L3161
JM3 194,195 83.148 2.2160 82.4738  1.5711
RM1 346,990 214.41 1.673 98,7927 .3768
EBM1 244,085 141,331 1.677 91.4547 3025
EBM2 92.38 5 625 3.327 68,4780  5.2693
EBM3 65.598 46,047 1.385 49.7310 1.2760
WBM1 245,120 126.990 1.889 156.044 <4173
WBM? 177.21 93,834 1.851 16046697 <5657
NKM1 124.66 59.011 2.135 118, 6098 .8381
NKMZ 75.925' 29.541 2.599 129.5736  2.0469
RGML 157,980 93.840  1.680 53.8153  1,1534
RGM2 50449 25.363 2.010 94 .064 4.8590
RGM3 37.935 24.732 1.497 80.8579  2.4943
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Table - 3.5.9 : CCEFFICIENTS OF THE BLCCF FOR THE THREF
CLSES CONSIDERED.

e e Y e . o o e —

NAME BASE CASE ? C/LEE A_EB%_ —} CASE B. SHADO%
O THE ___ B Rl (G NN o Ty
$Losk Al A2 j al A2 ?— Al A2
JP1 117.814 <044 121.053 .055 97.033 .041
JP2 120.956 °  .205 131.628 .217 104 .749 .157
Jp3 54.029 .616 56.496 <679 49.063 .506
IP4 169.339 1.533 189.084 1.782 151.029 1.431
JP5 In3%7%3 . ,515  177.080 .595 143.731 «455
JP6 57.997 1.923 60.166  2.047 49.076 1.628
IML 129.683 2.258  144.307 2.586 116.803 2.037
aM2 227.949 .316  252.654 .272 204 .634 210
JM3 82.474 1.571 89.786  1l.645 74,449 1.304
RM1 98.793 778 W3 ise .387 91.890 . 306
EBM1 91.455 .302 96,311 .354 79.039 .290
EBM?2 £8.478 5.269. 80.450  5.265 64 .020 4,523
EEM3 49.731 1,276 52.853  1.272 46.836 .961
WRML 156,044 .417  160.390 <507 128, 604 .396
WBM2 160.669  .566 155,935 . 864 124.386 .688
NKM1 118,610 .838  113.829 .886 102.032 . 691
NKM2  129.573 2.0470 133.867 2.259  112.531  1.740
RGM1 53.815 - 1.153  57.296 1,206 49.276 .936
RGM2 94,064 4 e859 99,831 5.477 82.681 4e374
RGM3 80.858 2.494 83.955 2,718 71,154 2.014

__,-..._...._——-.-..........._...—_—._._.-.‘..___...._—.————.—..—.—.———-o—-——_—_—._.-._,. T o e T S P TR e AR o e e S g

Source : Meodel Cutput.
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Table. .~ 3,5.10 : TOTAL UNDERGROUND FRODUCTION FOR ALL
THREE CASES.

(Figse. in million tonnesg)

Name BILSE CASE CISE A CiSE B
JPl T705.08 337.42 337,42
JP2 : 209,51 134426 111.20
Jp3 | 644,54 36469 36469
JP4 37.18 */1 *
JP5 122,25 * *
JP6 : Iy * *
Jul 54 408 * *
M2 - 153.98 108. 66 70462
JIM3 - 59,24 | * *
RM1 201.29 * *
EBM1 41.26 * ' *
EBM2 15.66 13,16 _ 13,16
EBM3  4.97 1.62 4,62
WBM1 93.33 93.33 49,03
WTM2 98426 86430 65483
NKM1 8.84 8.36 8.36
NKM2 3449 1.37 1,37
RGM1 37.63 N .
RGM2 4032 39,36 36,51
RGM3 7450 2,91 2.91

Zl * Implieé that the valuc is the same as the base case.
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APPENDIX 3al

Econometric analysis of average costs
at the secam level:

Mining costs are noted for the grcat hetro-
genety that they exhibitl. This is the result of a
multiplicity of geological factors which have bearing
on the averagc costs and vary a great deal from mine
to mine. The varying geological conditions in turn
also lead to large intermine variation in the input
structures. This fact was brought out in a series of
studics conducted by N.Naganna? In his study he is
led to conclude "It is inferred that stable input
structures, stable over mincs is an impossible propo-
sition™.

To understand the naturc of mining costs
data was collected from 82 working collierics of the
Bharat Coking coal limited. 211 the collieries
operated in the Jharia coal field (Bihar) and account
for the entire prime coking coal output in the country.
The data gave for each colliery expenditure on various
inputs for the ycar 1974/75. The costs under various

hcads were grouped as follows:

Variable Expcnditure
IABR Wages + Fringe benefits.
VA IN Explosives + Timber + Stores.

A el SIS el A0 sy WL o e T N S . = s e T e, S o o P i a e e e S e e e e e o S i et e S e S ks T

1 Johnston (1961) gives a rather detailed disctission
of all the diverse factors that affect the cost rer
tonne in coal mining.

2 Naganna N. (1975}, (1974).
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Variable Expenditure

ENER Electricity + Coal for boiler.

OVHD Royalty + Sand transport + Coal
transport + Overheads.

OER Expenditure on OVerburdenhremovalo

CALEC Depreciation + interest + repairs

and mailntenance.
TC _ Total Cost

OTPT Output

It was found that thc average cost of collieries
in the Jharia coal ficld exhibited a great deal of
hetrogenety varying from Rs.44.95 to Rs.122.71. The
mean of the average cost was 70.26 and the coefficient
of variation was .22, |

Table 3A l.1 shows the average per tonnc ex-
penditure on various inputs. It is found that labour
costs amount to as much as 69.14% of the total cost per
tonne. The administrative costs are on an average
Rs5+8.56 pcr tonne.

It was also found that there was no relation
between the average costs and the size of the mine.
Therregrcssion of total cost on output and (output)2
gave zero coefficient for the sguare of the output.
TC-= 3125.64 + 0.052389 (OTPT) + 0,00 (OTPT)2

(2803.4) (.01240)

RZ = .6534
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Table - 34 1.1

Expenditure on various items of input for the
82 collicries

Units: Output: 'CO0 tonncs
Expenditure : 'O00 Rs.

e e e e e B e i i o T B i g T o o o e oy e g s, g AN T i e i

VAR TAELE VIRIABLE | DIVIATON  VARLLTION
QUTFUT 209. 10 l1o7.10 5 1
IL2ER 11c75.35 7023.13 .63
VAIN 249.14 236464 .94
ENERG 780.23 185.17 .74
OVHD 1791.62 1179,13 .65
OBR 67.48 ~ 105.50 1.56
CLPC 2053.08 8846.15 4 430
TOTHL COST leole.9 7380457 .51

e T T L o T o T T . T ey iy L ot s P e o g e et B i o e A e s BURS  B, e e mm, r tr m p,  ory e m re  oure an e e o

T T e T e e T e e S L AL e it ey ot e B e o et o e WY o e s S e

ITEM EXPENDITURE PER PERCENTAGE
TONNE (Rs.)

LABR 52.96 69,14
VLIN 1.19 1.56
ENER 3.73 4.87
OVHD 8. 56 11.17
OBR . .32 42
CAPC 9.81 12.81
TOTAL COST 76459 100

AL oy B e o i et TR i, g, e P i S e ot e i e v ot . o B g e S e o S S e

* MEAN EXPENDITURE ON THE INPUT/MEAN CUTPUT.
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TC = 2579.8340 + 0.061 (OTPT) + 0.0 (OTPT)2 + 0.0 {orTpT)3
(8064 ,53) {(.02769)

R2

i

« 6540

It

R » 8087

This finding is in linc with the carlier
work in this areca.

If observed hetrogenity was basically the
result of varying geological conditions under which the
mine opcrated, then it must in principle be possible to

Statistically estimate their impact through a properly

specificd production function, which includes the geo-
logical variables in addition to other inputs as
variablcs cxplaining the output.

2t the time this study was undertaken data
on detailed geological information and cost/output,
was not simultancously available for a recasonably large
sample of mines. So we had to rely on"a sct of project
reports which werc obtained from the coal industry.
Twenty one project reports in all were avallable, in
which detailed geological description of the mine was
available along with data on output, inputs, and unit
cost calculations. 2All the cost calculations were done

with market prices for the year 1974/75.

e T e e e s e e e e e e . ————— ey g s o e P b i 2 e y - o St s

1 Johnston (1961), Naganna (1972), (1975).
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From the available geoleogical information three
variables representing the geological complexity of the
mine were constructed, thoese werc.

(1) Dip: (D): This gave the inclination (in degrecs)

of the coal seam on which the mine operated.

(2) Scam thickness (Th.): This gave the thickness of
the seam on which the mine operated.
(3) Numbcr of seams (N): This gave the number of seams
on which the mine carricd out its operations. For mincs
which operated on more than one scam, the scam thickness
and dip werc values of average of all the scams.

In addition to the above, data on the following
Avariaglcs was also available.

{(4) O : Output (Million tonnes/year).

n
~
"

Gross fixed assets usecd as a proxy for
capital stock (lakhs of Rs.).

[a)]
Sart
o
L 1]

Total number of workers to be used as a
broxy for labour.

(7) (o/C) : nverage cost (Rs./tonne).
(8) EMS : Earnings per man shift, this gave the total
wage bill divided by the total number of workerse. This

was used as a proxy for average wage ratce.

The data on cost, input, output etc. are
basically gencrated by doing dctailed enginecring calcu=

lations with refcrencc to a particular design of the mince

*
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The idea of the analysis that follows is to try and
estimate the underlying production / cost function
econometrically so that it can be used to predict the
cost of mining once the geological profile of the

seam 1s spccified.

We specify the production function as
. follows:

4
0 = ar?'132.33D  pad gas

which is basically a cobp~Douglous production function

in which the geological variable appcar in a multiplicative
form. The 'dip' variable (D) is introduced as eaBD, since
in many mincs, the dip went to zero and a maltiplicative

form would imply that the output also was zcoro.

We shall assume, that the mine manager is
supplied with information on the geological profile of
the seam, and he is asked to produce a given output
which he attempts to do at minimum cost. That is

he minimises,

Total Cost C

il

WL + rk

W Wage rate

r rental
Subjcct to 1 O = O
o = AK@I La2 eaBD thaé NaS

and a set of given geological parameters. Under the above
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set of assumptions it can be skawn that 1 the cost

function has the following form.

bl k2 b3 b4dD 5 . bé
W T

C=B8B2O0O S th N

Since the entire coal industry is nationalised,
the rcntal 'r' can be assumed to ke the same for all
mincs, however, the wage rate will differ from mine
to mine, depending upon the region in which it is
located. Thus the form of the cost function that was &

fitted was

1
(C/0) = BO  (gmg)P? P30 (pPd 5

Where
(EMS) : The earnings per man shift which was
uscd as a proxy for wage rate.

Results:

Both the production and cost functions were
fitted with and without the geological variables. The
rcsults are reported in takle 3.4.2.

The cobb douglous production function fits with
an R2 of +5257 (low) and exhibits slight dig-economics
of scale, (alta2) = .8767. Howcver both the coefficicnts
al and a2 have high standard errors and are not sig-
nificant at 5% level. Similarly the hypothesis of

constant returns to scale i.e. al+a2 = 1 cannot bhc raejected

e e e e e o o e e e 4P ke T S e s o —— A —— ot o . ——— —— —— - —— . —— i gy g s g

1 Nerlove Mar€ (1965). It may be noted that if the pro-
duction function is of the form g (K,L}. h (Dgi, %h,N)
where g (K,L} is homogcncous {not nccessarily of
degree 1), the cost minimising K/L will depend only on
w/r and will be independent of D, th, N, the Cobb-

I, Lo H ; qieham-a o Jation-ce
inpression; GCH, yebojitimizationusipg-awatérmasked evaluation £ap)


http://www.cvisiontech.com

- 98 =~

at 5% lcvel,.

It is guite surprising that the cost function
fits quite well (given the poor fit of the production
function). However most of the variation in the
averade cost seems to bc explained by the variation in
the carrings pecr manshift (wage ratc).

Unfortunately when the geological variables arc
introduced, the fit does not improve considcrably both
for the production and cost functions.  Also, in both
the cases the coefficients of the geological variables
turn out to be insignificant at all lcvelss Similarly
the signgof some elmsticities are not consistent, for
instangz?éhe clasticity corresponding to dip of the scam

(D) has a positive sign a3 = .016 in the production

function and is again positive in the cost function a3
«0035 implying that th: dip has a positive impact on
production and cost simultaneously. Thus from the data
at hand it does not seom possible to predict the cost
per tonne given the geological description of the minece.
Clearly this is because, the numbcr and the kind of geo-
logical variables that are used, do not adequately re-
present, the geological complexity of the mine.l It is
also likely that, different geological variables affect
1 Constructing proper proxy variables, to represent

the geological complexity of the mine scems to be

a major problem in the work done in this area.

Sinha (1974) reports similar analysis done with data

on two coal fields in U,S3.3.R. The following regre-—

ssions are reported.

SN
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Table = 35 1.2

Regressions showing the impact of geological
varlables on output and cost per tonne
(21 observations).

" e e

2

(1) 1n (0) = 7.0287 + .2320 In(K) + .6447 Ln(L) R“= 45257
(43346.58) (.1585) («3631)
t = L0001 t = 1.463 . t = 1.775 R = «7250

(2) Ln (O) = 6,6398 + ,173840 Ln(K) + .7850 In(L) + .0l6 D

(46806,.,66) (.1916) (.4544) (.0247)
t = 0001 t = +907 t = 1.727 t = 646
{+2086) (.1876) R = .7596
t = 1,013 t = 1.067
(3) Ln{c/0) = 2.0964 = ,00745 In{0} + .6125 Ln{EMS) R2= « 3049
(.7886) (.02156) («0528) R = ,9512
(4) In(c/0) = 1,9762 - .003199 Ln(0) + .6125 Ln(EMS) + .003512D
(47658} {a02251) (0528} {(«002901}

+ 0364 Ln{Th) + .009738 In(N)
(+02495) (.023391)
t = 1,461 t = 416

« 924703
96164

o

am
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P
17 {contd.)

For the Doltbass Coal field U.S.S.R.

(1) v = 165,28 + ,110 D - 10.46 g = «105H + 4.,572L + 1.48n
R = ,579
For Kuzbasscoal ficld U.S.S.R.

(2) ¥ = 165,96 - ,116 D + 42.76g + «114H + 1.97L + 10.72n

R = .536

Where

Yearly planned output.

Planncd production in the mine.

Catcgory of cossincss.

werage supportced length of the roadways.
Maximum depth of the workable scam.
Numberof faces to be worked simultancously.

nono

s el e Ho Bl w P

In the above rclation it must be noted that the R2

is quite low (only R is reported) at the same time since
standard errors arc not rcported it is difficult to say
whether coefficients werc significant.

The following relation estimated in Poland (See ECE
Sub-Committce on mining problems 1971) uses a slightly
diffcrent set of variables.

PO = 689.02 - .259 Qe + ,0005 00% = .665. 00 + .00l12 we?

~ +94 WE - 3,065 WR® + 7.159 EO.

Wherc PO = Manshifts/1000 tonnes in a district,

Qe ; Daily face tonneage, 0O : Daily production from
a district, Ws: Daily tonnage/100 M of conveyor

in the district, WR : Ratio of the total length

of the conveyor, to the weighted length by tonnage,
E.Q.: Rate of total production obtained in procpara-—
tory worke This relation attempts to estimate

the impact of the geological variables on produc-
tivity for pogsibly linking it with cost. Here
again since R4 and standard errors are rot reported ,
the guality of the regression is difficult to judge
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the costs at differcnt stages, and thus making it
difficult to construct proxy variables which adegquately
reflect the impact of geology on total costs. Thus it
is 1likely that coal mining, which takes place in stages
must be represented by a'productioh/cost function for
cach stage, in which the impact of geological variables
could be estimated. In the abscnce of good statistical
data in this area we shall rely upon engineering esti-
mates as a basis of arriving at cost per tonne of
setting up a mining facility and obtaining a tonne of

coal from a seam - given its geological profile,
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LPPENDIX 3A 2

Washing of Coking Coal:

The aim of washing coal is to roduce the ash
content. Coal washing is a process of physical beneficia-
tion in which raw coal is crushcd and with the help
of a hcavy media sgparator partitioned into high ash (which
being heavicr are ‘*sinks") and low ash coal {which being
lighter are }floats').

Washing is a method of reducing the physical impu-
rities in coal by a simple (cheap) technique so that
1ﬁtimatcly these do not have to be slagged out in the blast
fu:cnace.:L

In principle the yield of clean coal in a washery
is governed by the washability characteristics of coal,
which is an indicator of how finely the physical impurities
(shale) are mixed in the matrix of coal. aApart from the
intrinsic washability differencec for any given washery the
vield would depend upcon:

(1) Raw coal ash : As thc ash in thce raw coal

input increases cetris peribus the yicld in
the washery falls.

T i U o . = e s . e (i o . M e o o e bt R o, U Al N i i T s o i . o St S L B S i B Bl i

1 Washing belongs to the family of techniquecs, (other
being palletisation, #intering ctc.) which are
oriented towards carryving out the ecasy reactions
outside the blast furnace, so that the productivity
of the blast furnacc is improved.

»
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(2) Clean Coal ash : As the ash in the clean coal
is allowed to increase the yield would tend
to increase.

(3) The specific gravity of the heavy mcdia separa;
tor: hs the density at which we maintain’thc
hecavy mcdia (callcd the cut off density) is
increased the yicld in the washery incrcases.

(4) Zis the size to which the coal is ground becomes
smaller; the vield tendg to incrcasecs.

For the purpose of our modél, we are interested in

arriving at a reasonable cstimate of the yield in the four

guality classes as delincated by GeSeI.

Class ash %
1 . less than 17
2 ' 17 to 24
3 24 to 35

4 35 to 458

Given the ash in the raw coai the yield would
depend upon the ash level to which we plan to wash it.

The problem of to what ash % the coal should be
washed in the washceries before supplying to the steel plant
has been a subjcct matter of a great deal of debate between

exccutives of the steel and the coal industries. In a
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situation where, the coal washcrics are owned and opcrated
by the coal sector it is very interesting to note that the
benefits of woshing coal arce realised in the stecl
industry (in the blast furnace shop). wherecas the cost of
washing is borne by the coal industry. The technical
Committee on Cozl Washerfr observed "thc expcerts on steel
making have preferred to rotain the ash contecnt of clean
coal strictly within 17 to 18%., In their opinion blast
furnace coke has to contain ash of alout 23%. For an
increase or decrcasc of coke ash above the level of 23
the production increases or decreases by 2% and the coke
rate incrcases or docrcases by 2 to 3%." Thus any cost
benefit analysis performed woul have to compare these
benefits tothe cost borne by the coal industry. The
allowable ash in the clean coal would affcct the systams
cost of supplying coal in two ways. Firstly an increasc/
decrease in the allowable ash would decrease/increase the
yield and thus push up/down thc cost of producing a ton of
clean coals Ot the same time since, we now have lesscer
weight per unit of calorific valuc supplicd to the steel
plant there is a becnefit conferred on the industry by the
way of decreasedrsystems cost of transport., In addition
to this, therc may be interdependcnce in the production -
transportation costs leading to a changc in linkagcs and

hence change the overall systems costs.

1 Tecchnical Committec on Coal Washcries (1972).
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Both coal and steel are nationalised industrics,

hence the issue of the optimum ash in the clean coal has
to be solved by mutual discussion for if they were operating
in a competitive markct at the margin, the price differcntial
between the clcan and raw coal would be cgual to the ot
benefits confecrred on the stecel industry. However there
is a conscnsus now among the executives in the two indus-
fries that the average ash level of in clean coal under
the present Indian conditions has to be maintained botween
17 to 18%."

. For our analysis then we necdto know, what tho
yvield of clcan céal would he 1if the coal in various
quality classcs was washed down to 17% ash. In other
words we need a usable rclation betwecn the yield,‘cloan
coal ash and the raw coal ash to be used for prediction.
Such a relation is estimated using available washery level
data on yicld and raw coal ash and clcan coal ash.

Data and Results:

The data on the washery opcration’ was taken from

the report of the technical committee on coal washcries,2

—..-—....-.—-—..—-—_.,_————__..,__——._-—.—-..-_—_—_-——__......—--—--....——.......__ - ——— i —

1 Sec "The Report on Technical Committce on Coal
Washecrics (1972) .0

2 See "Report of Tcchnical Committee on Coal
Washerics (1972)."
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From the data available the following variablcs were

constructed:
(1} sish in raw coal : RA
{2) 7.sh in clean coal : Ch
{3) 7.sh difference : DL
(4) vield : Y
(5) Loss = 100-Y : L

Obscrvations on the above variabkles werc available
for 8 working washerics for two years 69-70 ond 70-71. The
data gave monthly figures for raw coal ash, clecan coal
ash and yicld. The data for all the washeries was pooled
together to make in all 187 observations.

Sincec the data ,camc from working washerics which
did not accept high ash coal and were obliged to wash the
coal down to a specific ash %, the data showed low
variability in which the raw coal ash varicd from 28 to 20%
and fhe clecan coal ash varied only from 15 to 20%. Hence
we would cxpect the prediction outside this range (for
guality of ash % = 40,5) to have large prediction errors.

The following relatioﬁs,vaorc sprcificd -

L:f(RA,C

A) S o e (IR

T
il

£ (Dn) + % s s 2)
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We shall with the help of tﬁe rclations as specified
above be in a position to predict what the washery yield
would be, if coal of the various cualitiées (raw coal ash)
was washed down to0 a stipulated ash % (in our case 17%).

Tho table 37242 reports the reosults of the regrassions
fitted to the data, Table R2d1 reports the prediction at the
mid peint of the thrce gquality classes with valuc of CA at

17%. The choice of appropriate relation to accept is a
mattcr of judgement, depending upon the multiple correlation
coefficicents and the standard errors of the estimate. The
cuadratic form fits best with an'R2 of .5487 however it is
found that for the range of prediction undcr considecration,
the loss decreascs abové some value of RAE, hecnce it is

. not accepteds Rcgression (3) which gives a slightly

7 botter R2 than regression (1) has low 't' valuecs of the

cocfficients. Thus rclation (1) was found to be the most
suitable onc to make point predictions at the mid point

of the interval of the R, . Fixing the C, at 17% the rclation

A

Ty R R i T i et At B ey ) e S < M Tt Bk = e e e Tt P gt A e gy o o o T e T B S o i B ks g 2 v e S T Tt ot et W W Bar Y o gy

1+ The rclation L = =155.765+12.47 RA - ,.19293 rRA% (at c, = 17

has maxima ( _8k__ _ 5 ) at R, = (12.47 / .3856) = 32.34

which mecans that losgs decrcascs aftor RA > 32.34 which

is technicallywo t possible, thus this specification secms

to lcad to a very large prediction error.,


http://www.cvisiontech.com

-~ 108 -

Table - 3A 2,1

Mid-point predictions of loss jn various cguality
classes wilth coal washed down g 17% ash.

Fig. I—OSS in %

————— P o e e e e e e e e i e B T e T e, o e S St ST v T e e e e e e S e e
. Quality class
Regression 2 3 4
DA = 305 CA = 1205 CA = 23.5
—————————————————————————————————— S T e e 0t P e e e S e =
3 23.3¢ 4849 80: 14
2 18,84 44,28 32,9%
3 23.12 52.23212 129,60%*
4 20,70 44,60 65,30

i P e e e T T et T s e T il T e T e e A Y o e T T s e T T . P o g e ot S ] P Yt T i g e

* Loss decreasing : has too large a prediction eggor.

¥* Loss more the 1l00% this also has too large a predig¢tion error.

The equations at Cp = 17% are

(13 L = -34.88 + 2.84 Ry
(2) L = =155,765 + 12.47 Ry ~ .19283 R,
(3) L = 20.752 + .1823 Dy + .1906 DAZ

(4) LogeL = 2.273 + .6038, Log_ Dae.
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Table - 3A 2.2

Relations between washery yvield and cuality of coal:

(1) L = 26.0255 + 2.8465 R, — 3.582583 C,
(.2476) (.5955) pZ = .4708
t = 11,49 t = 6.015 R = .681l7
(2) L = 512~816 + 18.26698 R, - 80.2411 C, - .1928 RAZ+ 2.406 CA2
' (5.92246) 17.792 {.1327) (.4536)
2 ;
- 340886 R; CA R = .5487
(.27883) R = .7407
== 10222
{3) L.= 20.752 + .1823 DA + .1906 DA’
(1.545) (.106%) RZ = .4757
t = 177 (1.790) R = .68975
(4) Log L = 2.2773 + .6038 Log D,
(.063289) R2 = .3297

t = 9.54 R = 45742
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has the form

26.025 + 248465 R )

S

(L

L = -34.88 + 2.84 R = 3.582 C

A N

From thcg above rclation it is obéeerd that:

= 20845 e e e (l)

M 1 T

BRA

—%%;f— = -3.582 exsisiey WI(TN
which means that an incrcase of 1% in the raw coal
ash supplicd to the washery fesults in a loss of yield to
the extent of 2.845% wheréas a relaxation of the clean coal
ash to which the coal may be washed down to incrcases the
yield by 3.582%.l Altornatively keeping the yield constant
é specification of CA lowcr by 1% would lead to decrcase

in the acceptabkle RA'by 1.259%.2

S S Al s s e i S i . e o g g P e e S 2 ot o . B - gy " R Sy B ey e —

1 Thus it secms that the control of the clean coal ash
in the washery seems to be more crucial (3.582/2.845 =

1.259) from the point of view of yvield control.

2 Some form of clasticity of substitution.
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Chapter — 4

REGION/L SETTING ; .1D THE TRANSPORTATION NETWORK

The aim of the model is to explorc choiccs between
theproduction and transportation costs, with a view to
minimisc the total cost of supplying coal tothe steel
plants. Having devcloped the block level cumulative cost
functions we must now juxtapos¢ the transportation nctwork
over the production and demand points to solve the model,
While abstracting from the actual production/transportation
system our aim shall be to maintain a high lcvel of diss
aggregation, while keeping the variables within manageable

limitse.

We shall assume that the only mode of transport is
rallways. Whilec number of possible choices exist for alterna-
tive modes of transport for coal at various stages, therc is ovi—
dence that with the possiblc cxception of specific cases, where
the terrain is difficult or the length of haul is very small
for the industry to opt for an ariel ropeway, truck, or
possibly a belt conveyor, railways offer the most economical
means of transrort.

Conceptually the transportation system is viewed

as follows:

BLOCK & ——m— WNLSHERY & ——s STEEL PL.NT
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Raw coal is producecd in a geoclogical block, washed
at a washery and then supplicd © the steel plant. In
practice the raw coal produced at a numbcr of collicrics
within a block is collccted by coal pilots (which are short
haul trains) and is then brought t a central leoading point
where long distance trains arc formed markcd for vard ous
destinations. The actual transportation system was reconciled
with the abstract system uscd in the model as follows:

(2) ~n aggregated transportation neotwork was
constructed which connectcd the c¢ight steel plants with
loading points in the various coal ficlds.

(b} Washcries which were less than ten kilometres
away from cach othcr were aggredated and identificd as
washing capacities.

(¢) Each washing capacity amd gelogical block
could be identified with a loading point on the aggrcgated
railway network. 1In doing this it was noticed that many
a times it was possible to identify a washing capacity,
and a geelogical klock with the same loading point on the
railway network.

(@) ..s a next step distance betwecn pairs of
Rodes on our aggregated transportation network (loading
points) was computed using the detailcd railway maps given

in the "Study rcport on coal transport planning”.l

e i L e o e Mk e e e T Pt St e T o P e T Ak i o o i " ey e e o A S o —

1 Ministry of Railwvays, "Study report on coal transport
planning for fifth five year plan®, part 1, 2, 3, 4,
Chairman ~ Shri Shahid 7.1i Xhan {Sept. 1973).
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Having obtaincd the distance between two points, we
arrived at thc cost of hauling a ton of coal by multiplying
the distance by the revenuce earning per tonne kilomctre of
the Railways. Following such a proccdurc implics that the
average cost of transportation remains constant over dig-
tance as well as the guantity transported. This in some
sense implics "constant rcturns to scale with respoct to
distance as wcll as cuantity transported. We had to adopt
such a proccdurc bccause no firm estimates of cconomics
(or discconomics) of scalc with respect to distance and the
cuantity transported were available.

Table 4.1 shows featuros of opcrations of various
units of Indian Railways. The table gives figures aggre-
gatcd for both coking and non coking coals. Most of the
coking coal is transported by South Enstcrn and Eastern
Railways. Wec shall usc the revenue carnings for the total
broad gaucc .. 7.19 paisc/tonne Kme as the average cost of
carrving a tonnc~km. of coal.

Whilc considering the transport cost we are only
considering the distance betwecen themajor loading points
associatcd with cach phase of transport of coal. Wc arc
thus implicitly ncglecting the cost of collaection of coal

from various collierics keforckeing transported in bulk;
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Table - 4,1

Revenue carnings

5 114 =~

for (broad gauge) rail transport
cf coal,

all Figs. in ('000)

e i i S S e B kg S g 0 o g, L o e o P S g’ s e W A 0 S0 T P

Railway

Tonnes
carried

Net tonne  Earnings Iwerage Average
Kilometres (Rs.) Liead rate
(paise)

Central

Eagtern

N. Ffontier
Southern
B.Central
SwEasteré
Western

Overall

120 15058 1314 159 6,89
5158 355750 #0287 69 11.3

47 3 356 6,38
135 37766 1191 280 3.15
160 98913 3887 618 3,93
10194 = 3863580 267800 379 6493
55 g BES 4.28
12408 £375169 314484 353 Tee 19

Seurce : Ministry of Railwavys..

Supplement to the Indian Railways
reports and accounts 1974-75
statistical statemcitts (Railway
board) .
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We arc assuming that this cost is a small portion of the
total cost, also since it 1is common to all supply points
docs not significantly affcct the choice at hand in any

significant manncre.

Tablc 4.2 shows the base yecar distribution of

washing capaéity in the industry. Thc total washing capa-
city (for both primec and medium coking coal) is 12.303 M.T./
ycar, which 1is lgss than the total demand in 1975-~76 for prime
and medium coking coal of 12,365 M.T. which is made up by
using some raw prime coking coal. Most washeries are pithcad
washerics however the Durgapur group of washerics opcrates

at the Durgapur steel plant and is fed by coal from Raniganj
coal ficld. 7411l the washerics operating in the Jharia coal
ficld are prime coking coal washeries and those outside are

medium coking coal washerics.

Table 4.3 shows the loading points and thr cost of
transporting a tonne of coal from cach of these to various
stecl plants computed at 73° paise/tonne kilometrec.

Table 4,4 indicates ganloygical blocks associated loading
points and ncarcst washing capacity. Blocks in Ramgarhh and
Korth Karanpura have no washing capacity at the pithead,
thus any increcase in production would sugaest a creation

of washing capacity. The map given shows the location of
various coal ficlds washerics and the railway nectwork that

connects them to various steel plants. »
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EE‘E[‘able — 4e2

Distribution of waghing capacities in the base
vear 1975-76

o 4 ot i Bt 4 i e e e T - A s e SR gt e T T g e i o e o o St e e Y o o o o A S LR g o e R s e 8 e e

Washery group Associated field Capacity
' (output of clean
coal) M.T./year

Patherdih grbup cénsisting Jharia l4,94
of Bhojudih

Patherdih-Lodna

Jamadoba

Dugdha group

{(Dugdha I and II) ~ Jharia B ]

Durgapur (DPL and DSP) This operates at 1.53
Durgapur Steel
Plant and not at

a pithead
Kargali East Bokaro : 1.71
Kathara : East Bokaro LW 7
Swang East Bokaro «448
W.BOkaIO W.BOkaI’O 0305

A e A i . T et M T A B o T W e o L D S s S VL [ A, s R i 4 . S M i g, W o S M W o (i Mt o e S g T T Gt o et .

Total capacity for Washing 12,303

iy o VU gy T T o, T . i T P o i ekl P i s S Bl e O Y Y o A Y o, W e e P S e e W e et o W B ikt i e e o et Sy o e o e o e e e i
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Table - 4,3 Transport Costs to Steel Plants at 7.19 paise/tonne-KM

Figures in Rs./tonne.
P—— R W S W T S P R IS il g ooy N N WM e o o

Steel Plant

»Loading Point Bhilai Durgapur Rourkela TISCO IEIsCO Bokaro Hospet VZP
Patherdih* 53466 8433 26419 11.53 4430 5 .84 145 .59 69,19
Dugdha* 53.48 10,58 ~21.20 11.86 6453 .92 145,44 68,44
Ranigunj 62485 1,72 27.46 T 17.46  2.30 9479 151.56 75,13
Durgapur* 64 .57 0300  27.45 " 19.83 4,025 11,51 153.97  77.54
Swang* 54 .54 12.44 22.25 Sl 8.40 2.79 146.50 . 69,9n
Kathara* 54.95 12.03 22467 T 13.31 7.99 2.38 146,92 69,49
Kargali# 55,39 11.59 )0, T 12.87 7455 1.51 145,96 6945
Kedla* 55.43 14.24 23.14  15.02  10.06 4.47 148,96  7€.38
W. Bokaro 54.49 15,03 22.21 16,31  11.00 £.39 149,90 69.44
Patratu 54.44 18.05 22.16 ©19.71 14.024 8,40 146,40 69.40
Ramgarh 53426 16.82 20.98 18.64 12.79 7.23 145,23 68. 23

. o T —_— i e S it e e A il e e . o T S i gt T g Sy P o o e A L L, i P I o A T et e e S Sk A ek b e e e e T o e e e S e S g M ot ot s o e e S AL . e o v

*These loading points have associated washing capacities.
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Geological Blocks and associated loading points
for the medium coking coal industry.:

Geological Nearest Ioading Nearest washing capacity

Block Point , in the base year 75/76 (Name)
JM1 _ Patherdih Fatherdih group of washeries.
JIM2 Patherdih Patherdih group of washeries.
JM3 Dugdha . Dugdha I and IX group of

‘ washeries.
RM1 Ranigani No pithead washery.

Nearest at Durgapure.

EBM1 - Swangd Swang washery.
EBM2 Kathara Kathara Washerye.
EBM3 Kargali Kargali washerye.
wBM1 W.Bokaro WeBokaro washerye..
WBM2 Kedla | Kedla washerye. . -
NKM1 Patratu
NKM2 Patratu

_ No pithead washery - washing

RGM1 Ramgarh : capacity creation to be sugges=-
ted by the optimisation medel, -

RGM?2 : Ramgarh 3

RGM3 Ramgarh

. s o o DR g, e R P R S8t A e e P S st e B P e frm S o e . e i B e T e T T P i S i e e P e " e S ol g s g, s, S, S M e
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Chapter = 5

THE MODEL-AND ITS SOLUTIONS WITHOUT TRANSPORT
cosTs

5.1 8pocification of the model

The objective of the model is to evolvqg a
minimum cost production/linkage programme in the coal
industry to mcet an exogenously spocified spatially
distributed bill of demands over a -finite time horizon.
The base year of the model is 74/75, production plans are
sought to be evolved cver a time horizon T.  The £ime
profile of damand is cxogehously spccified at each steel
plant. Each steel plant is desigqﬁd to accept a ﬁre;
specified mix of prime and medium‘.gking coai; Similarly
cost functions are evolved scparately for prime and medium
coking coal for cach coal block. Thus there being no
substitution possibility in the end use and in the pro=-
duction, the primé and medium coking coal industry virtually
function as two sub=industries without any inter~-dependenceb
An overall model is thus specified to be used separately
for analysing choices in primé and medium coking coal

industrics.

Production centrecs for both prime and medium
coking coal are geological blocks. Cumulative cost

funqtions,yield functilons for each of these, arc estimated

using the procedure outlined in the previous Chapters.,
h ]
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The cost function gives the undiscounted cumulative cost
incurred as cumulative output of ¢lean coal builds up from
a geGlogical block. The cost function for the ith klock

is estimated as

where

i = undiscounted cumilated cost

&

o1 Cumulated output
The vield function for the block is specified

and estimated as

Ri :]ai Qi o+ e a (2)

where

Ri = Total gquantity of raw coal processed.

Il

Qi Total guantity of clean coal obtained.
If Wi =@31i-1) then Wigi would indicate the quantity
of Litra weight that is assoclated with a tonne of
coal before it is washed in a washery.

The cost function rcfers to cumulative output
without making any spccific refcrence to the time pro=
file of that output, Costs are associated with the
output and arc discounted as they are incurred in timeg
In this scnge the model is designed to vield t%me

profiles of output optimal in the sense of minimum

discounted costs. The transportation network described
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in the previous Chapter is juxtaposed over the pro-
duction and demand centres. With these as inputs a
model is specified which minimises the discounted sum
of the total systemé cost of meeting an cxogenously
specified spatially distributed bill of demands. It
is a multi~-period programming model with a guadratic
objective function. Thét symbole used in describing the
mathematical relations of the model are given in

Table S.l.1. The following assumptions are made while
formulating the dynamic model.

MODEL (1}

1. In the system there is no provision for storage

of coal. Thus nc coal can be stored during any period
to be carried over for supply in the next period,

2 fhe base year is denoted by the time subscript

t = 0, as shown below, thc period 't! is the interval
that passes between‘time roint t-1 and t as shown in

the figure below:

Period

!tl

] ] -l 1  | 1
o] il 2 £~1 & T
BASE YEAR

-

Costs incurred during any period are discountéd
by the discount factor corresponding to the middle of

that period.
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3. We have as the initial conditions D(0) = O and

xijko = 0 i.e. the cumulated values for demand and

supply variables arc zero.

Consgtraints

1, Supply = Demand

The model is specificd in terms of cumulated
values of Outputrand demands. Since there is no pro-
vision for storage in the model, the demand at each
steel plant in cach period must be supplied from output

during that period, thus

1(a) T Xijkt .- Xijk (£=-1) = Dkt ~ Dkt~l
g -3

3

Fork=l, 2_-.;QQQM andt=l'-‘.l2'_9--9!- T
with Dk(0)=0 and Xijk(0) = Q,l Consider the following

system of equations (1B) obtained by adding up 't?
cguations of system {(1A) at a time

1(3):2 ] Xijkt = Dkt k = 1, ZeeeaM and £ =1, 2« ,44sTa

17

It can be secn that any solution Xijkt which satisfies
the eguation system (1B) slso satisfies (1a) and vice-
versa beccausc cach of the systems can be generated from
thc other by adding or substracting successive ecuations,

Henece the specification {1B) is used in the model, which

demands the equality of demands and supplies, cumulated upto

v P — o
— s g - -— —— - g sy, S

1 since we assume that copactiies created can be shifted
across secams and blocks at ncgligible costs we do not
take into consideration the bese year inherited dis-—
tribution of capacities and their impact on production
pPlLarsSe
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Table = 5.1.1 L1ST OF SYMBQLS

l. Indices

i ¢ Geological block T R R i
j ¢ Washing capacity d 2 1;2;58ms 0P
k ¢ Steel plant k= 1,2,60s060aeM
t & time period t.m Ly 20 enme

2. Variables to be determined

Xijkt : The coal produced in the geological block *i'
washed at washery 'j', supplied to steel
plant 'k! cumulated upto the end of time

pCriOd L LT

3. Exogenous Varigbles

Dkt : Damand for prime/mcdium coking coal at
steel plant ‘'k', cumulated upto the end

of time period 't*.

4, Parameters

Cijk ¢ The cost of transporting a tomne of coal

from production centre 'i' to washery ‘j*

and to stecl plant 'k*

Cij : Cost of transporting a tonne of coal from
the production centre %i'to washery *j?

Ali, A2i1i : Estimated coefficients of the block level
cunulative cost function.

Ali : Estimated coefficients of the yield function.

Wi :  (A3i-1)

Pt, Ft Discount factors.

E 1)
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- w:|.2.5 A
time Tt

2a Definition of Block output

] 7 Xijkt = it
J K : '
3. Non-Negativity

Xijkt > ©

Objcctive function

Cost incurred in meeting. the exogenously spe-
cified demand profile are discounted by the discount
factor corrcsponding to the middle of that period. The
objective of the model is to minimise the discounted
sum of costs. THe total undiscounted sum of costs upto

the time t are given by

u(t) = 7 } ] Cijk. Xijkt : The total cumulated
' cost of transporting
i 3 x
X1kt

+ T (ali Qit+ 7.2iQif ) : The total cost of producing
5 and washing Xijkt n.t of coal.

+ z Z i Cij. Wi. Xijkt = The total cost of .carrying
=1 the associated excess
weight bcfore it is washed

in thc washery.
If U(t) are thc total ‘undiscountcd sum of aosts incunred
upto time 't' the costs during the period t ean be written

as
U(t) - u(t-1) where *

ule) = § T T (cijk + wicif) xijkt + ] (alipitra2i(nit)? )
i X i

) 1
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The objective function is given by the total diSCOun£ed
costs. The cost functions constructed in the study are
with rcfercncec to spccific discount rate that which is
used in amortising the cgpital costs. The discount
ratc used in the objective function must be the same

as tﬁat used in the cost function development in order
to maintain consistency. If Ft is the discount factor
associated with the period t the discounted costs add

up to 2, .
=T

B — ¥ Ft.{ U(t) - U(t-1) )
t=1

Where Ft = l/(l+r)t , r 1is the discount rate

(12%) in the basc case). This may be rewritten as -

t=T
7 = 3 Pt. U(t) as Xijko=0 and Uu(o) = O
t=1
and Pl = Fl - F2
P2 = T2 == F3

Pt = Ft = Fttl

PT = FT

MODEL (1) can now be written in short as -
=T

Minimise 2 = 1§ Pt. U({t) Subject to constraints
=L 1B, 2 and 3.

ConstrainelB, and 2 are linear ard the objective

function is cuadratic hence the problem may be formulated
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as a guadratic programming problem., To do this we

define the feollowing vectors

Xil.t, the Vcctorl of disﬁatchcs from the ith
geological block upto time t.

¥t = (Xillt, Xil2t.... XiPMt) (1 X M)

X'é2 the vector of {(dispatchcs) Xi.t's for all blocks
!
and all time periods (t=1,2.¢04.T)
%1T
}(I = (Xl'l’ Xzolllo.XN-l’ Xl.z, X202.0.XN.2.7-M' X2-T..XN-T)

where c 1s the vector defined by Pt (Cijk+twiCij+ali)

and D is block diagonal consisting of (NT) scuare blocks
along the diagonal, one for ecach{it), and ecach block con-
sisting of PM rows/columns. cach clement of the(i,ﬁFh block
is (n2iePt) to give

x'px= T J pt.a2i (pit)?

i t
Where
0it = ¢'Xi.t, e' is the unit vector (1,1,....1) of

dimcnsion (1 X PM)

e o e G iy . ST R gy = s gy S P g o A o S B S gy g, S i TR (ol Rl B gy g S R R gy e St 1 S g i P P (L S ot I g e O i

1 all vectors arc column vectors, x' indicatcs the
transpese of X.

2 X is the vector gencrated by clements Xijkt by
running through the indices k, j, i and t in that
SeguUencco,

*
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Let Lkt be the shadow price associated with the
ktth constraint in set 1(B), the Lagrangian for the opti-

misation problem may be written as followss

W= ] I L 1 Pt (Cijk + WiCij) Xijkt
i 3 k ¢
+ Pt (aligit + AQiCQit)2 )

- Lkt ; -§ Xijkt - Dkt

The necessary and sufficient conditions for local

optimality are

aXijkt 3 Tkt
5, 3w . Xijkt = O 7 _aW _ .« Lkt =0
3Xijkt aLkE

If we can find an (X*, L*) which satisfies the
akove couﬂitions,lthen the global optimality of X* is
ensurecd if the objective function is Convexl, which would
be the case 1f the 'D}-matrix is positive semi definites.
In our problem, since the marginél cost in each block

is rising, convexity is ensurcd, this can be secen as follows:

The objective function can be written as the
sum of a linear and non linear part. It is enough if we

T e 5 s o o i Y gt g 1t = B e W . o e e e P O A A e i, B P i 1t e e i e S . o o W P e . P b . P S
o . o e - i 1

- 1 Mangasarian (1969)

i
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show that the hon-linear part of the obji ctive function

is convexe.

The non linear part is given by,

N a®
) ) Pt. 2.2i(0it)? (pit= ) }z(xijkt = ' Ki.t )
ifl‘ t=1 ]

This is the sum of MXT functions, the i t° of which,defined

over a subsct of variables Xi.t can be written as a

cuadratic form as follows.
PEA21 (Qit)2 = (o Xiet) ( Xi.t). Pr.a2i
= Pt.a2i (Xi.t { e e') Xi.)

thus the 1 tth cuadratic form will be non ncgative

if Pt A2i > O, which is cnsurcd if A2i > 0 or the
marginal cost in cach block is incrcasing. This being
thc case, the objective function is a sum of N convex
functions and hence convex which ensures that any point

(X*L*) which satisfies (1) to (4) is a global opt imum.

Substituting @it = Z Z Xijkt into the lagrangian
i k

conditions (6) and (7) imply.
8. Lkt < Pt. ( (Cijk+wiCij) + ali+2a2i( J ] Xijkt) )
ik

alternatively Lkt/Pt < (Cijk+WiCij) + Ali+222i() T ¥ijkt))
5 x

If the above rclation holds with strict inequality

1 The vector e' is a row vector (1, 1, lee...1) of

dAimemsion (P X M)
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then Xijkt = 0, and if Xijkt > © then the relation
holds with strict equality.

Condition 6 implies.
g L ] Xijkt = Dkt
i

It can be secn from 8 and 9,Vthat there are no
relations which connect shadow prices across time
periods. Thus in effect if costs in each periocd arc
discounted, the geological blocks are constrained to
mect the demand as it arises, the solution which minimises
total discounted cost over a finiite horizon in this
*dynamic® set up is identical to oneiobtaincd by solving
the model period by period. This deccomposability of
the model is the oﬁtcome of the convexity_of the cost
functions, together with the possibility in the model
of COstlcsé scaling up or down of output from a block

from period to period.

Thus we have shown that the optimal production
transportation programme to mect a trajectory Dkt can be
arrived at by solving for Dkt sequentially period by
period. In othcr words, there is one (undominated)
strategy of meeting a cumulated demand configuration
DK independent of the timc at which it is realised and

this is given by solving the static cuadratic programming

=
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problem written by dropping the subscript 't', as

follows:
MCDEL (2)
min © = § § 7 (Ccifk + wici§) ¥isv + ] (ALIOL + A2i(ai)”) ¢«10
Xijk i9x i
Subjcct to,
iy B s _ =
i 3 Xijk = Dk
12, L ! xijk = oi
i k

13. xijk 2 0.

Here Ek,‘thg demand at the steel plant k, and Xijk the
supply variables, both cumulated over a fixed horizon T
for which the model is sought to be solved. Thur

Model (1) which traces thc output over a number of periodsys
can be solved by successively solving Model (é) periocd -

by periode.

As before the conditions for optimality in

Model (2) arc given by relations 14 to 17 below.

P

14. W, T, -
— 0 15, oU i
v . 5 —_——— X1k =
3Xijk ax1jk i
16 ‘ AU '
7 - 3u
>0 17% o

9 Lk 3 Ik
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The corditions 14, 15 for a onc period static model are -

Ik < (Cijk + Wi Cij) * AlLl + 2221 ( ] 1 Xijk)
3 X

If the above relation holds with strict incgualty then
X1ijk = 0 and if Xijk > 0 then the rclation holding with,
strict equality. Here Ali +2A2i Qi is the marginal "esst
of production in the i™® block, Cij + wi Cij is the
unit cost of transport. Thus if Xijk >0 then the marginal
cost of production + the unit cost of transport (which is
marginal cost of transporting Xijk and the associated

excess weight), should be equal to the shadow price Ly e

Xijk}s arc all exprcssed in terms of tonnes of
clean coal that are transported from the ith block, to
the jth washery-and then to the kth steel plant. Each
tonne of clecan coal that is thus transported has -associated
with it an excess weight beforc passing through the washery
stage. Thc yicld function (wh;ch is block spceific) is
used to cstimate the excess burden carrying cost as:

; '; % Cij wi Xijke. In principlc the akove formulation

allows for coal from any block to be processed at any
washery. Howcver, the model specification implics that

it would not pay to wash coal at any location other than
; : carrying cost
at the pithecad (wherc Cij = 0) and incur thc cxcess burden/

o }‘ ) ; Wi Cij Xijk. The modcl has no explicit
1
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ac¢tivitiies for washery capacity crcation, thus it is
assumcd that neccessary washing capacity will be created
at the piﬁhead to sustain the level of clean coal out-
put from cach block. This being the case we could have
specified the model entirely in terms of geological
blocks and steel plants only. - However the present spe-
cification is maintainecd to take into account the fact
that the Ranigynj coal is committed tobe fed into the
existing DSP washery which operatés at the Durgapur steel
plant. Hence only for this linkage, (Ranigunj~Durgapur),

the model has cxcess burden carrying costs.

5.2 Dcemand

The demand for coking coal by stecel plants is
exogenously specified. All the demand figures for this
study are adopted from the Chari Committee ropor*t.l ns
explained in Chaptcr 1, the demand for ccking coal at
cach steel plant is estimated by multiplying the hot

metal production by the prespccified coke rate.

This aggrcgate demard is split into prime/medium

and blcndablc coal again using a specified blend different

e et Dttt st Y g e (. A e v e e s 41 e

i — e i i iy P B P i T e T s R P

1l Department of Coal: Report of the Committece to
review plans for coal supplics to steel plants
during the fifth and sixth plan periods (Sept.l1975).
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Table = 5.201

/
BLEND OF THE PRIME/MEDIUM/BLENDABLE COAL IN VARIOUS
STEEL PLANTS
(Figs in % of Total)
PRIME MEDIUM . BLENDABLE
BHILAI 55 38 7
DSP 50 35 15
RSP 50 40 1o
TISCO 65 25 10 UPTO 78/79
63 27 10 1IN 78/79
52 38 10 80/81 ONWARDS
ITSCO £5 25 1o
VAP 55 45 -
VZP 55 45 =

S M 2 e T et S e L ke Y G S e B G S . . S L S g 7o T e B s S e S S S e g il S (A g i i . G S S g, S A S M L S e B e e S .
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Table — 5.2.2 THE TIME FROF ILX

FOR PRIME AND MEDIUM COKING CORL

e T —— T —— T — - e A - — —

—— s o . —— T gy W W= T M e e o T et e S g T e e — —— ey —— — ——_.._--—-—.—..._—-——__o————-—-—_.—.._—.__»—'—

S o e S T R i i B e TR S e R e oy e S e T S T o A e s o Y —— o —_—

Year Type of BHILAT DURGAPUR
Coal (BSP) (DSP)
75/76 PRIME (P) 1940 965
MEDIUM (M) 1391 712
76/77 P 1988 1092
M 1373 764
77/78 P 2006 1216
M 1385 851
78/79 P 2039 1321
M 1409 925
79/ 80 P 1947 1321
M 1346 825
80/81 P 2146 1321
M 1482 925
81/82 P 2705 1321
M 1419 925
82/83 P 265 F 323
M 1834 925
83/84 P 3100 1321
M 1627 925
84/85 P 3100 1321
- M 1627 925
TOT7L P 23626 12520
CUMULATED M 14893 8802

ROURKELA TISCO

TIISCO BOKARO WALTAIR

(RRSP) (TISCO) (IISCO)  (BOK) (vzp) (VAP)
1080 1394 975 1020 = -
1000 697 372 953 = =
1296 1510 1198 2031

looo 581 4 1661

1377 1710 1198 2615

lool 657 461 2140

1433 1710 1372 3242

1147 657 527 2653

1433 1647 1331 3257

1147 720 512 2664

1433 1367 1331 3215

1147 1000 512 2630

1433 1367 1331 3215

1147 1000 512 2630

1433 1367 1331 3215 579 545
1127 1000 512 2630 275 445
1433 1367 1331 3215 1192 1123
1147 1600 512 2630 1392 1292
1433 1367 1331 3215 1702 1579
1147 1000 512 2630 1392 1297
13782 14806 12729 34670 3473 3247
11036 8312 4895 22721 3259 3029

Source: Committee for the su

OF YEARLY DEMANDS ¥»OR EACH STEERL PLANT

All figures in

(:‘a':‘.;I \Hea g g L

26T GVADIE

HOSPET

'000 tonnes,

—— et ———

~3

w

l_l

> g
= Ciefi=

_—— e

pplv of Coking

\l;:E"b
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Table - 5.2.3 :TIME PROFILE OF CUMULATIVE DEMANDS AT EACH STEEL PLANT.

FOR MEDIUM COKING COAL FIGS IN M.T. AS CHARGED TO THE COVENS

YEAR, BHILAI DURGAPUR ROURKELAV TISCO IISCO BOKARO WALTAIR HOSPET
(BHI) (DSP) (RSP) (TIsCco} {II5C0) ( BOK) (vzp) (VaP)
7Sy 76 1.391 .712 1.00 .697 .374 .953
56/77 2.764 1.476 © 2,00 1.278 .835 2.614
U UE o419 2.327 3.001 1.935 1.296 4,750
78/79 ' 5.558 3.252 4,148 2.592 1.823 7.403
79/80 6.904 4,177 5.295 3.312 2335 10.067 ;
80/81 8.386 5.102 6.442 4,312 2.847 12.697 &
81/82 9.805 6.027 7.589 54312 3.359 15.327 '
82/83 11,639 6,952 8.736 6.312 3.871 17.957 e475 LA445
83/84 13,266 7.877 9,883 7.312 4.383 20.587 1.867 1,737
84/85  1.,893 8.802 11,030 8.312 4.895 BRlsil 3.259 3.029

ke e e e e T e g e P T g T i e A S A Ml g, ok ke Wil e S Bl S Sl ok ke e e ks O e g e o e e o e o e e e e e ek e O il i i e e e e —

4 Source 3 CHARI COMMITTEE.
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for each steel plant and changing through time.

Table 5.2.1 shows the blend that is technically accepted
at each steel plant. The aggregate coking coal require-
ment as obtained in Chapter 1, is split up into prime/
medium and blecndable using these ratios. Table 5.2.2
shows the yvearwise reguirement of prime and medium

coking coal. Table 5.2.3 rcports the demand

for medium coking coal cumulatcd upto each time pericd
for ten ycars at the cight steel plants. Since the model
is spccified in terms of cumulated production, the cumulated
demand figures arec used to solve the model for various

time horizons.

5¢3 Model solutions for P;imé/Medium Coking Coal
without transport costs:

Having specified the overall model we shall

first explore the production profiles and rates of
increase oé costs without donsideriné the spatial dimension
of the industr&. This is done to obhserve the trade off
between production and transport costs. Further in the
case of Prime Coking Coal all the geological blocks

occur in the Jharia Coal field thus in tﬂis specific’
case therc is no trade off bectween production and trans-

portation costss In the absence of transport costs the

model {2) reduces to
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Problem (1)

N .
Minimise J (aAlipi + AZiQiZ) 1
i=1
subject to
N
Z Qi =D essse {l)
i=1
oi > e (2)

The model can be used ﬁp draw inference about
the patterns of cumulative outpﬁt in various blocks
as they are jointly conétrained to supply increasing
amounts of total demand of clcan coal - D = DK, It
is also feasible to compute the rate at which the marginal
and average cost would incrcase.as-increasing amounts of
cocal are drawn out. 'This would be an increase that would be
purcly attributcd to the geological depletion in the
industry at constant base year prices.

Although problem (1) is a quadratic:programming
problem its intrinsic simple structure makes it amcneable to

simpler solution procedures.,
The optimality conditions are the following:

If 'L* is the shadow price of constraint (1)

and (L* Q*) is an optimal solution then
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B B Al 200Haic, el allk F2T (3)
Q: > O, implics L* = Ali + 2A2i0i* (4)
* < Ali + 2a2i Qi* implies Qi* = 0O (5 )

since A21i > o for all ‘*i!
LAY = g . implies Qi* = 0O {s)
oi* =ho D (6)
Using conditions {(3), (4),' (5} and (&)

Problem (1) can be formulated as a linear programming

problem as follows.

Problem {(2) Maximise )

Subject to L £  Ali.+ 22A2i0i i=l; 2 eeveN (7)

0 (@ = D (8)
i
iy Ly 2 By (9)

It can be shown that any solution (Q*, L*) of the lincar

programming problem (2) is also a solution to the guadratic

programming problem (1). Observe that the solution to L,Pe.
problem (2) satisfies conditions 3 and 6. It also satisfies

the complimentarity conditions (4) and (5).
L* = ali + 2a2i Qi* if Qi* » O (4)

if L* < ali then Qi* = O {5)
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This can be secn as followss:

Suppose an optimal solution {(Q*, L*) of the
LP problem (2} violates conditions (4) and (51l

specifically consider the following situation

oi* > O for 1 belonging to an index set (I*) subset of (N)

I oi* =1
ieI* '

+ L]
and there is atleast one i = i » belonging (I*) where

% ,+ 3 4
L* < aAli + 2A2i Qi+ and Qi+ > O

+
and L* = Aali + 2A21i Qi* for all 1's other than i

then in such a case it should be possible to reallocate

b
0 i+ across other blocks in (I*) (maintain . ; Qi* = D }

and bring about an increase in L*,., This violates the
original contention that (L*, 0Q*) was optimal. Thercfore

any solution to the LP problem (2) must satisfy the

Complimentary slackness conditions (5) and (4), hence

2
must also be a solutiocn of the Q.+P. problem (1).

1 If conditions {(4) and (5) are satisfied then the LP
solution is also a solution to QP problem (1) and
there is nothing to prove.

2 The author is grateful to Larry Westphal (IBRD)
for pointing this out in a private communication.
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Although the possibility of solving the problem (1)
as an L.P. is a great simplification in itself, the structure
of the problcm leads to an even simpler dual based enumera-
tion procedure to answer the two questions that are posed.

« Given any aggrcgate demand D, what are thc con-
tributions to proguction from ecach block that minimise the
total cost?

« How do marginal cost and average cost behave as
inéreasing guantities of coal are supplied by the industry?
In solving this problem we shall alsc insist that if Qi%
arc the total reserves in the ith block no more than Qi

be drawn out from it
1eca Qi i Qi* izl, 2/ - e (10)

The quadratic programming problem (1} is solved using the
following algorithm,
Step (1) Chose 'L' atleast as large as (but not equal to)

the smallest Ali - marginal cost at zero output.

#

Step (2) : Clcarly all blocks with Ali ® 1. would not
contribute to the output and Qi = O.
A1l blocks with ali < L would contribute

to the output and the following equality

would hold «+ L = ali + 2a2i0i

i
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i1f computed @i > @i* (total reserves) for any ‘1!

sk
thenlni = Qi*

Compute cost of production Tei = aligi + n2ini?

Step (3) : Compute D = Z i ¢ total output
i

Total cost : Z TCi = TC
i
iverage cost = TC/D.

Step (4) : Increcase L by a small cuantity and go back to

step (2).-

Thus varying 'L!' over a large enough rangc it
was possible to generate the schodule for total output,
average costs, ctc. as a function of L which is marginal

cost at the output D.
From thc above proccdure, given any pPrespecificed

aggrcgate output D*, the Qi's can be obtaincd to any

desired degroc of accuracy by varying L by small quantitics

until D (L} = D*l.

T s Y S e, VO g i Pt e e B A s P B iy e S B e i G o W ML g R A o e B g g o P B B A i e R D ikt o e e e

1 rltcrnotively, it should be possible to guess from the
schedule the set of blocks (I*) which would have output

e O for an aggrcgate demand D* knowing this it should be
rossible to solve for (Qi*), the block level outputs by
soclving the following simeutancous cguations.

7 oi = D*

and Ali + 22101 =L for i (I*).

Al
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1 Results

Starting with cumulative cost curves with
parametcrs for the base case the rcsults of applying the
procedure outlined akove to six blocks of Prime Coking
Coal and 14 blocks of medium coking coal are reported
in Tables 5+3.1 and 5.3.2. Starting from a shadow price
(Marginal cost) = Min Ali + ¢, ¢> 0 the average, total
cost and total output are computed as marginal cost is
systcmatically increased. Tables 5.3.3 and 5.3.4 indicate
the contribution from each block as increasing cuantitics
of coal are jointly supplied by all the blocks. The
entirc execrcisc is rcpeated for cost functions estimated
for 18% discount rate (Case 7) and shadow wage rate (Case B)
Fige. 5.1 Charts the movement of average and marginal

cost as cumulative output is built—-up for all three cases.

Ls 1s cvident from the grapﬁs, the marginal costs
are continuously rising, however, they are more steeply
rising at first and tend to rise less steeply after
threc to four hundred million tonnes are mincd oute. Thus
by thc time half thc total (1416.12) reserves of Prime
Coking Coal are mined out the marginal cost increases to
about 2,5 times the present value, from 55 to 153 Rs./

tonne.

T T e e e T e e et T e P57 e sy A% i T i ot sy it e 1 st e e Sl . s St v ot et e . WAL ke i s s . e Yl s e onp i e i

1 The marginal costs here are ‘'marginal' with resect to
cumulative output, they are the average costs for

the last tonne extracted when say 'D' m.t. of cumula—~

tive output has been built-up. The average casts are
also average with respact to cumulative output,
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Similarly it is found that the marginal cost
curve for the medium coking coal aeetor lics below that of
the Prime Coking Coal sector, which is quite reasonable
considering the fact that the formcr is less deplgted
than the later. However, the marginal cost in the
Mcdium Coking Coal industry secms to rise more steeply
with respect to cumulative output than the prime coking
coal. This larger % incrcase in marginal cost in the
Mcdium Coking Coal sector than the Prime Coking Coal
sector for an equal cuantity of coal extracted seems to be
the rcsult of fasteér deteriorating cuality, an increasing
reliance upon scams which give low yvield. The schedules
generatcd, can be used as in Table 5.3.1 to 5.3.4, from
where it is possible to 'read off'! the values of average
marginal cost, and blockwise contribution for a given lcvel of
outp: t. However our undcrstanding of the behaviour of
these parameters, and thcir variation with respcet to
cunmulative output would ke increased/simplificd if the
schedules could be approximated by continuous functions.
Thcse functions would also be casier to work with as supply
functions for the coal industry as inputs to further models
constructed to analyse price policy, interfuel substitution etc
ctce Table 54345 indicates the results of least sguare
recgrcssion for the cost schedulcs generated for Prime

and Medium Coking coal for all three cases. The marginal
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cost schedules can be thought of as long run supply
schedulese If coal price is set egual to the marginal
cost the marginal cost curve indicates how coal price
needs to be adjusted {(upwards) over timcs in response to
geological deplcetion. TFig. 5.2 shows how thce changc in
discount ratc and valuing lakcur at shadow wage rate
shifts the marginal cost curve for béth Primec and Medium
coking coal. Table 5.3.5 can be used to study the
impact of thcse variation on the least square regression.

The schedules obtained in Table 5.3.1 to 5.3.4
cstimate themarginal cost as a function of cumulative
output. .g shown boforc the producticn programme 1is
optimal for any time frame of damnand growth. The marginal
cost at any time point in futurce depends only upon cumu-—
lative output upto then and not on the rate at which
it is built up. Here we make an attempt to predict the
time profile of marginal costs for varyving rates at which
coal 1is produccd.

Taking 10 yvecar pcriods as a unit of time,
lct the time profilc of cumulative cutputs be represented
by

Ot = got (1)
where

ot : Cumulative output option time t.

Qo : Cumulative output for the first ten years (&=1)
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: 1
b rate of growth of cumulative output

t ¢ time period.

The marginal cost profile is cstimated as

Mct = 2 (opt)? (2)

Substituting (1) £n¢ (23

Mct = . oo° g2eb

Tablc 54346 shows the'valucs of marginal cost
at the ¢nd of Qarious time periocd for various wvalues
of growth of output b. In both cases marginal costs
incrcasc as we increase the rate of deplction ‘b, For
a given rate of exploitation b, marginal costs in the
Prime Coking Coal scctor incrcase by dgreater absolute
amounts overtimc than the Medium Coking Coal seoctor
bc causc it is being depleted on a larger scale (Qo = 118,85
adainst Qo = 76,941). TFor 5% annual incrcase in demand,
over thc next 50 ycars the marginal cost in the Prime
Coking coal scctor increascs by 4C% and that in the

medium coking goal scctor by 38%, over the base year,

i ot i
T i S b e S e i A o gt A BT . e e ok i S g i S e vk O ey R g v ) B i e T b it i it Bt Y i e i S St gy Bkl iy i S e i P,

1 Roughly if the output per time period grows at X%
the cumulative output grows at (100+ x)%.

L
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‘Table

Output
Mt T.p

ST
2.41
4,29
6.43

" B,.58
10.72
12.86
15.01
gl 15
19.29
21.43
23.58
25472
27,86
30.01
32.15
34.29
36.44
38,58
40472
42,86
45,01
47,15
49,29
51,44
53.58
Ssefi2
Sk Al
60401
62,15
64,29
66,44
81,95
lo6,.75
136,32
165,89
195,47
225.04
254,62
284,19
313,76
343.34
372,91
402.48
432,06
461,63
£91,21
520,78
550, 35
579.93

o Vi

5.3.1 H INDUSTRY LEVEL COST CURVE = PRIME COKING COAL
Average Marginal Total No, of
Cost Cost Cost " Blocks Sls
Rs./Tonne Rs. /Tonne M. Rsa Contribu=-  No,.
e ting
54,51 55 42,95 1 il
55.51 57 133.85 1 2
56,63 59 243,24 2 3
57475 61 371.83 2 4
58.81 63 504 .69 2 5
59.85 65 641 .85 2 6
60487 67 783.29 2 7
61.89 69 929,01 2 8
62,90 71 1079.02 2 9
63.91 73 1233.32 ) iXe)
64,92 75 1391.91 2 11
65.93 77 - 1354,78 2 12
66.93 79 1721,93 2 13
67,94 81 1894.47 3 14
68,94 83 2069,10 2 15
69,94 85 2249,12 2 16
70.95 87 2433.42 2 X7
71.95 89 2622,00 2 18
72495 91 2814,87 2 19
73495 93 3012.,03 2 20
744,95 95 3213.48 2 21
7596 97 3419,21 2 22
76.96 99 3629,22 2 23
7796 1ol 3843453 2 3 .
78.96 103 4062412 2 25
72,96 105 £284,99 2 26
£C.95 107 452,15 z r/ 4
8l.96 109 4743460 2 28
82.96 111 4979,33 2 29
83.97 113 5219,.,35 2 30
84,97 115 5463, 65 2 31
85,97 117 5712.25 2 32
92.10 119 7547.93 3 33
98,58 121 10523.84 4 34
103.66 123 14131.84 4 35
107.28 125 17798,98 4 36
1Mlo.s1 127 21525.28 4 37
112.46 129 25310,72 4 38
114,50 131 29155.30 4 39
116,32 133 33059,04 4 40
117,99, 135 37021.92 4 41
118,54 137 41043,95 4 42
121,00 139 45125.13 4 43
122440 141 49265,45 i 44
123,74 143 53464,93 4 45
125.04 145 57723455 4 46
126,30 147 6204132 4 47
) 127?53 149 66418,23 4 48
b B 151 TOARL 20 a 40
129.92 ey 75349, 51 4 50

- 149 =
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Table 5.3.2 H INDUSTRY LEVEL COST CURVE - MEDIUM COKING COAaL.
Cutput Average Marginal Total No. of

M.T. Cost Cost Cost Blocks 51
Rg./Tonne Rs./Tonne M. Rs. Contribu- No.
ting .
1,28 51,36 53 65.79 1 1
2.57 52.77 55 136.05 2 2
4,22 54 .03 57 228,49 2 3
5.87 55.14 59 324.23 25 4
e o3 56.21 61l 423,28 2 5
9.18 57425 63 525.62 2 6
10.83 58427 65 631,26 2 7
12.48 59.30 67 748,21 2 8
14.18 60. 34 69 855,86 3 9
16.02 61.45 7.l 984 .70 3 10
17.86 6254 73 1117.21 3 11
19.70C 63.61 75 1253.41 3 12
21,54 64 .66 77 1393.28 3 13
23.38 £5.71 79 1536.34 3 14
25.25 66.77 81 1686.51 4 15
27.66 68,10 83 1884.16 5 1é
30.54 69. 60 85 2125.90 5 17
33.42 71.cl 87 2373.40 5 18
36.29 72.36 g9 2626,66 5 19
39.17 73.65 91 2885.67 5 20
44 .60 75.90 93 3386.00C 6 21
5C. 88 78,13 95 3976.37 7 22
57.27 BO.13 97 4589,76 7 23
63 .94 81.99 99 5243.13 8 24
72.98 84,22 1cl £l47.48 8 25
B82.02 86.18 103 7069 .90 8 26
91.07 87.95 105 8010.42 a8 27
loo.11 89.58 107 8969.02 8 28
109.15 91,11 109 9945,71 8 29
118.20 92455 111 10940.48 8 30
127.24 93.93 113 11953,34 8 31
136.28 95,27 115 12984.29 e 32
145.33 96.55 117 14033, 33 8 33
154 .60 97.84 119 15128.,10 9 34
154.84 99,22 121 16356.49 9 35
175,08 1C0.55 123 17605.35 9 36
185.31 101.84 125 18874 .68 9 37
195.55 103.11 127 20164 ,49 9 38
205.79 104 .35 129 21474,77 9 39
216.66 105, 64 131 22888,.94 sl 40
227.83 106.93 133 24363.12 11 41

Contde s
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Table 5.3.3 :
Marginal Total
Cost Cost
RS-/T M-RS-
55 42.95
57 133.85
59 243.24
61 371.83
63 504.69
65 641,85
67 783.29
69 929.01
71 1072.02
73 1233.32
75 1391.91
77 1554,78
79 1721,.93
81 1893.37
83 2069.10
85 2249,12
87 2433,472
89 2622,00
91 2814.87
93 3012.03
95 3213.48
97 3419,21
99 3629,22
101 3843,.53
103 4062,12
105 4284 ,99
107 4512.15
109 4743 .60
111 4%79,33
113 5219.35
115 5463.65
117 5712.25
119 7560.93
121 10556.,06
123 14080.59
125 17662 .90
127 21302.99
129 25000.85
131 28756, 50
133 32569,93
135 36441;:13
137 4037C.11
139 44356,88

Total
Ouucpat

MzT.

.78
P a4 il
4.29
6.43
8.58
ST 72
12.86
15,01
17,15
19.29
21,43
23.58
25.72
27.86
30,01
32.15
34,29
36.44
38,58
40,72
42 .86
45,01
47.15
49,29
51, 44
53.58
55.72
57.87
60.01
62.15
64429
66.44
82,06
107.02
135,91
164, 80
193.69
222.588
251.46
280,35
309, 24
338,13
367 .02

- 151 -

PRIME COKING COAL.

BLOCK WISE CONTRIBUTION

JE3

.18
2.41
4,03
5.65
7.28
8.90

10.52
1 2gatnl 2
13.77
15,39
17.01
18,64
20426
21.88
23.51
Z25.13
26.75
28,38
30,00
31,62
33.25
34.87
36,49
38.11
39,74
41,36
42.98
44,61
46,23
47,85
49.48
51.10
52472
54,35
55,97
57,59

59,22

60.84
62,46
64 .08
65.71
67.33
68,95

JP6

26
«78
1.30
1,82
2.34
2. 86
3.38
3.90
4,47
4,94
5.45
5.97
6,49
7.01
W53
8.05
8.57
9,089
9,61
10.13
10.65
11,17
11.89
12,21
12.73
13,25
13.77
l4b29
14 .81
15,33
15,85
16.37
16,89
17.41
17,93
18,45
18,97
19,49
20.01
20.53
21,05

JP 1
13.47
36.20
58.93
8l.65
lo4.38
127.11
149,84
172.56
19529
218,02

12.14

16.16

20.18
24 .20
28,22

32.24
36.26

contd.,. .
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Marginal Total Total
Cost Cost Output ’
Rs./T MeRS e MeTea EBM3 RGMI1
50 5.25 .10 .10
52 45, 212 .88 .88
54 91,07 1,75 1.67 .08
56 181.86 3.40 2.45 .94
58 275495 5.05 3.24 1.81
60 373,34 6,70 4,02 2.68
62 474,03 8.35 _4.80 3.54
64 578,03 10.00 5.59 4.41
66 685432 11,65 6.37 5.28
68 795492 13,30 7e15 6.14
70 919,82 15,10 7.94 7,01
72 105C,49 16,94 8.72 7.88
74 1184,85 18,78 9.50 8,75
76 1322.88 20,62 10929 9,61
78 1464.60 20,48 11,07 1628
80 1610.00 24,30 11.86 11,35
82 1777.85 26.37 12,64 12.21
84 2004.31 29.10 13,42 13,08
86 2248.93 31,98, 14,21 13.95
88 2499,31 34.85 14.99 14.81
90 2755.44 87,78 1B.99 15,68
92 3100.01 41,51 16,56 16,55
94 3675.00 47469 17,34 17.42
96 £281.47 54,08 18,13 18,28
98 4901.25 6C.47 18.91 19.15
100 5693,04 68446 19.69 20,02
102 6606,43 77.50 20.48 20,88
104 7537.90 86,55 21,26 21,75
106 8487.46 95,58 22.04 22.62
108 9455,10 104.63 22.83 23,48
110 10440.83 113.68 23.61 24,35

EBM2.

.14

.33

.52

.71

. 90
1.09
1.28
1.47
1,66
1.85
2.04
2.23
2442
2.61
2.80
2.99
3,18
3.37
3.56
3.75
3.93

RGIH3
«23
e 63

Loy

1,43

1.83

2e23

263

3.03

3«43

3.83

4423
4464

5.04
5.44
5.84

U3lS)
.48
1.12
1475
2.39
3.03
3.66
4.30
4,94
5657

£.21
£.85

748
Be1l2
8. 76

RGMZ2

..19

.40 B

« 61 1.60
g 82 4 25
l.02 Ge 90
1.22 9,56
D28 1570
1.63 14,87

'-:‘I'T.L.‘-i' ‘“»
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Table 5.3.4 (Contd.)

‘Mare
ginal Total Total
Cost Cost- Outpat
Rs/T M.RS. M. T.
162 49573.25 398.08
164 52072.38 4£13.%l
166 54602.18 428.74
168 57112.91 443,78
170 59571.59 458,33
172 62059.37 472,88
174 64576,24 487,42
176 67122.21 501.37
178 69392,17 514.30
180 71404.60 526,05
182 73439.51 537,29
184  75496,91 548.53
186 77576.79 559,77
188 79679.16 571,02

EBM3 RGML

EBM2

RGM3 JM3

EBM1

RGMZ

RM1

NKM1

NKM2 JMIL

WBM2

WBM1

43.99 46,89
44,77 47.76
45,55 48463
46,04 49.49
56,04 50.36
46.04 S51.23
A6 0% B2slE
£6,04 52.96
46,04 53.83
56.04 54.70
46,04 55.56
46,04 56443
46,04 57.30
46.04 58.16

8.87
9.06
9.25
9.44
9.63
9.82
lOeol

1C.20
10.39
10.58
10,77
10.96
11.15
11.34

16,26 25.30
16.66 25.94
17.06 26.58
AL TAPL g
17.87 27.85
18.27 28.49
18.67 29.12

19.07 29.76
19,47 30.40
19.87 31,03
20.27 31.67
20.67 32.31
21,07 32.94
21.47 33.58

116.60
119.90
123.21
126.52
129.82
133.13
136.43

139.74
141.33
141,33
141,33
141.33
141,33
141,33

6.99
7.19
7.40
7460
7.81
8.01
B.22

8.43
B.53
8 84
9.04
ks, U5
9. %6
9, 36

83.87
86a52
SOIE18
o83
S54,48
97.14
99.79

102.45
105.10
107.75
110.41
113,06
THeEAR )
118,37

25.88
27.07
2827
29,46
30.65
31.8%5
33.04

34423
35.43
36.62
37o8l
39.01
40,20
41,39

7.92
8.40
8.89
9,38
9.87 8.92
1€3g 9.37
16,05 981
e -

11.34 10.25
11.82 10,70
2. e
12.80 11.58
13.29 12.02
EINTE) WD ek
14.27 12,91

7.15
7.59
8.04%
8.48

kg, 1%
2,94
4l
6,47
8,24

e

11.78
13.54
15.31
17.08
18.85

20462
22438
24415

7413
9.53
11,92%
l6o 72
Wyl

21.51

23.91
26430
28.70
31.09
33.49
35.89
38.28
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Table - 5.3.5

- 154 -

Results of the regressions fitted to the cost
schedule generated by the Quadratic programming
models for capital costs at 18% discount rate (

(Case )

T et P e e ol e —— - Ain o et T ke Ak g PR 40 b . B e T Y A A o i o R

Prime Coking Coal

l. Log (Cost

2« Log (margi- =
nal cost)

i

3. Average
cost

4, Marginal
cost

Medium Coking Coal

3.8024 + 1,1666 Log(Q)*
(179.76) (+00889)

t = ,0211 t = 138485
3.8967 + .1871 log {(0O)
(49527} (+00798)

t=4 .09 t = 23.455
69.994 + ,1693 (0)
(1.6019) {.0093)

t = 43,6612 +t=18,031
85,0875 + .1901 {0)
(2.7945) (.0l638)
t=30.4473 t=11.602

l. Log (cost) =

2. log (Margi- =
nal cost)

3. Average =
cost

cost

*(0)

3.9059 + 1.1372 1og {(0)
(156.798) {.0086)
t = .0249 t =131.533

3.9553 + .1698 Log (0)
{1.0838) (.00867)
t=3.6493 t=19,661

£3.941 + ,297 {0)
(1.2125) (+0l0}

73.114 + ,3286 (0)
(le9066) (.0157)
t=38,3467 5=20.878

is the Cumulative output from all blocks{‘

o

Hoo

Il

i

ol

HoH

oo

9975
«5987

«919
«959

«8713
«9334

7371

+8585

«9972
998

9227
+ 9606

« 9008
¢9i91
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Table = 5.35

Results ©of the regressions fitted to the cost schedule
generated by the guadratic programming model for Labour
valued at shadow wade rate (.714 times the market wage
rate, Case B}.

e e e . —— e T W R o i = ok = s T = o = o i e o T b o o o P e e — ———

Prime Coking Coal

1. Log (cost) = 3.5811 + 11,1737 Log (0)* R% = ,989
(l].*.}.¢502) {00005029} B = L,999
t=.0312 £=233,372

2. Tog (Margi- = 3.6832 + .1880 Iog {0) g% = 568

nal cost) (4.338) (0048} R = ,984
t=5,999 t=38,445

3. Average = 63.2317 + +0777 rR% = .8705

cost (l.647) (o004327) R = .9330
£=38,390  t=17.962

4, Marginal = 74.539 + .09498 RZ = ,8507

cost (2.185) (.005743) R = ,9223
t=34.099 t=16,538

Medium €Coking Coal

1. Iog (cost) = 3.7325 + 1.1438 Iog (o) rR? = ,9974
(237.837) (.00828) R = .9987
t=,0156 t=138,022

2 iog (Margi- = 3.768 + «1779 Log {0) R2 = 8974

nal cost) (1.0869) («00868) R = .9473

3. Average = 57,9072 + .1424 (0) RZ = ,9267

enst (1l.1663) («00578) R = .9626
£=49 ,6484 t=24,644

4. Marginal = 65.662 + ,2038(0) R? = ,926

cost {1.673) {.00829) R = .,9624

t =39.2252 +t=24.572

*(0) is the cumulative output from all blocks.
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Table = 5 .3 ,5

Results of the regressions fitted to the cost
schedule generated by the Quadratic programming
problem for bhase case.

) et M e e e (o . P P o it S ke .t e o e . Pt e B e P it P i gk ks N e it S Bt s o

Prime Coking Coal

1. Log {Cost) = 3.7075 + 1.1771 Log (O)* R? = ,9982
(143.3996) {,C07011) R = ,9991
t = ,0258 t = 166.94
2. Log (Margi- = 3.8205 + ,1922 log (0) R2 = ,9384
nal cost) («9166) (.007107) R = ,9687
t=4.,1677  t=27,057
3. Average = 68,5117 + .1323 (0) R% = .8627
cost (1.6747) {.007619) R = .9288
t=40.9074 +£=17.372
4. Marginal = 83.5888 + .14614 (0) R% = ,7385
cost (2.7584) (+01255) R = .8593
=30, 3024 t=11.644
Medium Coking Coal
1. log (cost) = 3.6749 + 1.1796 Log (0O) R? = ,99913
(82.507) {«005072) R = .,99956
2. Iog (Margi- = 3,7162 + .2137 Log (0) R2 = ,9801
nal cost) (+5065) {+0043921) R = .9900
t=7.3358 t=48.666
3. Average cost = 62.357 + .1945 (0) R® = ,9248
(1,218) £.008) R = ,9900
t=51,1642 t=24,311
4. Marginal = 71.4878 + .2706 (0) R% = L9229
cost (.001128) (.01128) R = .9606

t = 23.794 t=23.794

*(0) = Cumulative Clean Coal output from all the
blocks.
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Table = 5.346

Marginal costs in the Industry at various points
in time

PRIME COKING COAL

LOG (M/RGINAL COST) = 3.8205 + .1922 log (cumulative output)

Qo = 118.85 M.T. Ot = Qotb {t = 1 implies 10 years)

Figures in Rs./Tonnc.

ol At an ot . ot e TR o s o BT T T Bk = o o g ST e . W it o o e e S Wt . e et St o et P o it A ol A L e AL ek B 4 e e

Marginal Costs Value of Marginal Cost for
at the end of wvalues of b.
t Years 1l.05 l1.10 1.20
1 1o 114.50 114,50 ll14.50 -
20 131.40 132.2 133,90
30 142 .60 144.20 1l47.10
4 40 151.10 152.80 157,20
5 50 158.0 160.50 165.4

Source : Model output (text)

MEDIUM COKING COAL

Log, (MC} = 3.7162 + .2131 Log {Cumulative output}

Qo = 76,94 M.T. Ot = Qotb
Figures in Rs./Tonne
Marginal cost at -Value of Marginal cost for
the end of the following values of 'b!
t Years 1l.05 l.10 1l.20
10 104.0 104 .0 104.0
2 20 112.35 122.35 124 .20
3 30 132.1 134 .60 137.80
4 40 131.25 144 .0 148,35
5 50 143 .45 151,80 151,10

T ——— T — — —— —— i — e o R AR o gy ey i T AL ot A R L g, e e e e

Source : Model ocutput (text).
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Chapter - 6

MODEL SCLUTICNS WITH TRANSPORT COST

6ol Model solutions for medium coking coal:s

In the case of medium coking coal, the supply
centres being distributed in space, the production and
linkage programme has to be simultaneously determined. Aas
shown bcfore)the production programmes optimal in the
sense of the dynamic model (1) can be obtained by solving
model {(2) successively for each peried. 7ns a first step we
solve the model (2) for one period and study the behaviour
of the underlying production/linkage programme in response
to variation in some parameters. The model specified was
solved with the follcocwing parameters.

The time horizon was fixed at ten years (75/76) to
{84/85)a The demand trajector?iéﬁmulated over the entire
period.

There are in all 14 klocks which could contribute
to the medium coking coal production. In total 8 steel
plants were considered of which the two steel plants would
operate only from 82/83.

In order to keep the variabkles within ménageable
limits judgement was used to discard blocks which would not
contribute to the optimal programme. Each 0f the blockswas
associated with a loading point/washery capacity in the net-
worke. The coal from Ranigunj was however linkcd to the

Durgapur washery; this involved the excess burden carrying
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cost from the loading point Ranigunji to the Durgapur Washery

for Ranigyng Coal field (Block PMl1).

A3i ¢ le8673, C
Cij (Raniganj — DSP) = 1.722 Rs.
(Wicij) = 673 x 1.722 = 1.1589 Rs/tonne of clecan coal

supplicd.

In the final form the model solved had 80 variables
and 8 constraints. The guadratic programming problem was
solved using LEMKE'sg algorithml, on IBM 1620, A problem of
this size took 64 iterations and a total CPU time of one

hour and 45 minutes.

RESULTS
The raesults of the lst run are reported in
Table €.1.2« TFor the purpose of simplicity only geological
blocks which contribute to production are reported. The
table shows production, linkages and the shadow price at
cach steel plant. As we have observed before, therc can be
more than one patternof production/linkages corresponding
tgfjame value of the objective function, however, no
other programmc can lead to the value strictly less than
reported. Thus what we rcport may be only one of the many
Possible optimal programmes. The optimality of the

solution can ke checked as follows. (See Table - B.1.2)

1 See Ravindran {(1972).
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MODEL ¢ Run for medium coking coal with transport costs at
7.19 paise/tonne~KM.

. Base year 75/76

» Target year 84/85, Horizon: ten yean.

e NOoe Of variables 64}No. of constraints B.

time taken 1 hour 30 minutes, IBM 1620, No. of

iterations: 37..

Quadratic Programming, Lemke's zlcerithm.

Value % of total Average
(/tonne)
Total supply of coal to 8
Total cost - value of the
objective functionad at 7
the optimal point (M.Rs.) 8463.101 - 109.99
Cost of production only ,
(MeRSa) 6574 308 7768 84,633
Cost of transportation
only {MeRs.) 1888.7931 22432 24 .55
Lead (average kilometers) 341.427
{average tonne-kilo-
meters) 26269.723

. Source : Model Output.
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)le)—-6.l.2 . . TABLE SHOWING OPTIMAL PRODUCTION TRANSPORTATION
PRCGRAMME UPTO 84/85.

e AT RS _ FAE Fo . oree b Mci (o1)=
0i AL A2i Alis
YLOG ICAL BHT DSP RSP TIS I1S BOK VAP VZP 222101
ICKS ‘
gt _ 3,475 2,618 6,094 82,473 1.5711 1014623
RM1 8.802 4 8.802 1015783~ .3768 lodkgdy
=il ‘ 6.987  6.725 13.713 91,4547 .3025 99,751
= e e i,587.  1.419 3.006 68,478 5,269 100+159-
EBM3 ' 204102 20.102 49,731 14276 101,31¢#
RGM1 104133 4,042 3,029 34259 20.463 53.815 1,153 lol:@2l
" N | | 7159 94.064 4.859 101.021
L T | 4,043 804850 24943 1014021 !
MAND (Ma'T ) 14.893 8.802 11.03 84312 44895 22.721 3.029 3.259

S

ADOW PRICE AT ' |
B STEEL PLANT 154.289 108307 122.009 113.474 108.157 102.549 246,252 169250
(LK)

i

=1 POy =
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Firstly we observe that demand at all the steel
plants is met with strict equality resulting in a positive

shadow price at cach steel plant.

Secondly, we need to check

L,y < (Cijk '+ wi Cij) + Ali +2a2i,01i, for all 5,

j and K's.

The Rourkela Steel plantg is supplicd ccal from two
blocks RGMI and EBMI, hence the marginal cost of supplying
coal to Rourkela from these two centres must be equal to
to the shadow price at Rourkela. The marginal cost of supply

from all candidate centres must be strictly less than the

shadow price.,

l., Shadow price at Rourkela (122.009) =
Marginal cost at RGM 1 {which supplies coal to it) :

(lol.021)
+ Transport cost from RGM1 to Rourkela : 20.98

1220009 = 1010021 + 20.98

which is again eccual to
Marginal cost of production at EBM1 (which supplies coal to it)

(99.751) + Transport cost of EBML to Rourkela = 22.25

122,009 = 99,751 + 22.25
For all the blocks which do not supply ccal to Rourkecla,
the value, Mei (pi) = (#di + 222i0i) + Cijk is greater
than 122.00%2 ~ which is indeed why they are not supplying

»

coal to Rourkela,
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In the case of Raniganj coal ficld the‘excess burden
carrving cost has to be considercd while checking
optimality. Raniganj supplies DSP, thus (CijK + wi cij) +
Ali + 2a21 Qi, is equal to.

le722 + (673 x 1.522) + (98.7927 + 2 x .3768 x 8.802)

= (2.881 + 9847927) + 6.633

which is equal tco the shadow price of the DSP steecl plant.

The total cost (Production + washing + transportation)

of meeting the cumulative demand of 76.941 upto 84/85 is
8463.10160 Million Rupees.

Q0f the total cost of 8463.10160 H; Rs.

1888.7931 M. Ps. are incurred dn account of transportation
65744308 M. Rs. are incurred in production and washing
thus transportation accounts for 22.318% of the total cost
and production weshing accounts for 77.682% of the total
coOst.
The average cost of production defined as total
cost/total output is computed to be
8463.10160 / 76.941 = 109.99

Similarly the avcrage cost of transportation can be computed

as
1888.7931 / 76.941 = 24,54859

From here we can compute the avcrage lecad in the
industry corresponding to the optimal programme, as

24.54859/,0719 = 341.42 KMS

thus is slightly lowcr than the overall lead of 353 RMS
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reported in the Table = 5.1, as computed by the Ministry

of Railwayse

Since the shadow price atﬁeach steel plant is
different there 1s no one industry level marginal cost
like in the prime coking coal induséry, in fact the mar-
ginal cost would depend upon the spatial configuration
of demand growth. However as a proxy the weighted avecrage
of marginal cost is computed to be'éIW(DK'/ﬁl%C This is

found to be Rs.1l14.90 per tonne.

Table - 6.1.3 shows the ficld-wise output of the
clcan coal and the assbciated raw coal that will have to be
mined over the ten year horizon as suggested by the optimi-

sation model.

Table = 6.1.3

Field (pi) Clean Coal a3ipi) ﬁaw Coal Mined
Jharia 6.094 ‘ 13.054

Raniganj 8.802 14.725

E«Bokaro - 36.822 60, 8389
WeRBokaro = =
NeKaranpura = -

Ramgarh 254219 11,860

Total 76,941 * 130.4779

Sourcc : Mcdel cutpute.

A gy e B gy Y ey —— it e emeed e B S Tt e s P S et e e gk S ) P g g it W P it b0 e ke

1 See Supplement to the Indian railways reports and
accounts (1974-75). ?
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From the table it is quite clear that over the

next ten years ifrow the point of view of the production,
washing and transportation cost, the crucial coal fields
are Ramgarh and E.Bokaro, contributing 25.219 M.T. (32.77%)
and 36.822 M.T. {(47.85%) respectively. The exact time
profile of output in these coal fields is obcained by
solving the model for sequentially for varying time
horizons., The model suggests output of medium coking
coal in Jharia. ©No contribution from West Bokaro and

North Karanpura 1is suggested.

The washery capacities that are suggested by the
model may be analysed as follows. A washery capacity is
normally represented by the amount of raw coal that can
be processed. From the knowledge of the amount of clean
coal produced at each block and the block level yield
function it iIs possible to estimate the washing capacity
reqgquired at each location. The figures shown in the
table 6.1.4 are washing capacities for medium coking
coal only and indicate the quantities that are cumulated

over ten years 1975~76 to 1984-85,
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Table 6.l.4 - Ficld-wise washing capacity reguiremcnts

W M T S T o T o B e BN e S e ey o e o MR T P T Bk o Ty e o e B W gy fomke e e e el g i Pk o e e W et e

Existing*
capacity
(M.T)

of Medium
coking
coal
washery

Cuantity

of clean

coal pro-
duced.i

(MoT)

Quantity
of raw
coal pro-
cessad
A3ipl M.T.

Optimgl
suggested
increase
over the
next ten
years

e e e e o ol i M Bt o o s T i e e e g e o e i o e e e o L o e s M S S S s e e g

Location
Fiecld washed
at
Jharia Pbugdha
Raniguni Durgapur
E«Bokaro Swand
Kathara
Kargali
Ramgarh Pithead

*By existing capacity we mean the existing operable

22.00

58.5

€0, 8389

13,504

2.338'

T Tk i e T T it e i o St i B i o T o o B S e e i T o i e W A Y M ik e ke ST Rl bl o e Al e e e

capacity per year multiplied by ten and thus indicatc
the amount of ccal that can be washed over the next

ten ycarse.

As table 6.1.4 indicatcs the model suggests

setting up capacities for washing medium coking coal in

Jharia and Ramgarh.

Capacities adceouate to wash a total

of 13.504 and 41.86 M.T. of raw medium coking cozl over

the entire time horizon of ten years need to be set up in

Jharia and Ramdarh.

incrcase in the capacity at East Bokaro to be able to

The model also suggests a small

handle ap additicnal 2.34 million tonnes.

The model

does not suggest any production in the West Bokaro coal
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field due to the high cost and poor vield in its
blocks; Thus an existing capacity in this field of
about 5 M,T. remains unutilised.

The shadow price LK at the KFh steel plant can
be interpreted as the marginal cost of supplying clean
coal to that steel plant. It shows the impact on the
total systems cost of incrcasing or decreasing the
dcecmand at the Kth steel plant. This is a valuable
information for any study which attempts to make an
explicit cost benefit analysis of controlling the coke rate
at each steel plant. The table 6.1.5 ranks fhe vafious
steel plants acéording to its relative coal cost as indi-

cated by the shadow price.

Table -~ 6,1.5

Steel Plant Shadow price

2 Bokaro 102,549
IIsCo 108,157
Durgapuf 1084307
TISCO | 113.474
Rourkela : 122,009
Bhilai 154,289
VZFP ' 169.250

VAP ' 246,252
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The costliest steel plants from the point of view
of the C.I.F. coal supply cost are the steel plants in
the south, namely VAP and VZP. The large transport cost
associated with cach of these plants cxplains this larce
shadow pricé. The best steel plant from the point of the
coal cost is Bokaro, which is understandakle since it is
very close to the Bast Bokarc coal ficld, a cheap source
of medium coking coal. The model was rerun with the cost

functions estimated with. capital evaluated at 18% discount rate
(Case A) and labour valucd at shadow wage rate (Case B) with.

the transport cost (freight charge) remaining the same, at 7.19
paise/tonnc KM. The resulting production linkage programmcs
for Case & and B arc reported in Table 6i.1 to 6A.4 1in
appendix. As Observéd in Chaptcr five, in Case /. thc cost

" functions shift upwards and in Case B they shift downwards
relative to the base case. Thus in casc 7., since the pro-
duction costs arc increased rclative to the transport cost
the modcl responds by tfansporting coal over longer distances
from now rclatively cheaper sources, oxactly opposite being
the Case for Case B. Table 6.1.6 below shows the impact

on lcad and transport cost for the threc cases.

Table 6,1.6 = Cost structure for Case i and Ba,

Basc Case Case i Casc B
Transport cost as a % of
(4.12)% {lo.08)
Lead - KM 341,427 344,86 ° 336.51

{(1.0) (1.44)

*T i ~nroz ir bhracketr ckoyw chanae over the hase ooge,
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Tt is found that movement to Case A and B, which
in effect makes the Capital costs to increasc relative to
the wage costs, although it changes the magnitude of
shadow prices at the cight steel plants, has no impact

on their ranking as indicated in table 6.1.5.

Table 6.1,7 shows the impact on the output from
differcnt ficlds in response to the change in the rclative

price of capital.

Table — 6.1.7

Field Base Casg Case B Casc D
Jharia 64094 5.675 (6.87)* 5,426 (10.96)
Ranigunj 8.802 6.524 (25.88) 8.802 (0.0)
E.Bokaro 364822 38465 (4.96) 37.236 (.1.12)
Ramgarh 25.219 | 26,089 (3.45) 25.475 (l.01)

*Figures in bracket indicate % change over the base casc.

It must be notcd that the naturce of the pro-
gramming model - the positive scmi definitencss of the
cuadratic form matrix, implics that therc is a possibility
of morc than onc optimal production linkage Pprogrammcs
corrcsponding to the same value of the okjective function.
Kecping this in view no firm conclusions like the
geological structure of a certain coal ficld lcads to

morc capital intensive techniques can be drawn.
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6,2 Model solutions for alternatc time horizons

Thce model is solved for spatial configuration
of demands arising at differcont timec horizons. This is
eXpected to provide the following information.
- The model solution computes production linkage
programmcs as they arc adjusted to varying spatial domand
configurations as they arc encountered in time.
- The increase in the average total costs of supply
would not only account for geological depletion but would
also reflect changes in the spatial configuration of demand
as 1t moves away or closer to the supply centres over time.
- The result of production programme obtained at
cach timc horizon considering transport cost is comparcd
to one obtained without considering transport costs to throw
furthcr light on the degrce of flexibility available in
the underlying system.

The locaticon spccific demand projccections are
availakle only for ten vyears. Beyond which.%%ﬂwould
depend on declsions to locate new steel plants, and
cxpansion decisions in the currently opecrating steel plants,.
No informaticn on those 1s available boyond ten vearse
Howcver coal plans arc computed for a steel productién
that is maintained at thc level of 84/85 over the follow=
ing decade. The resulting gcological depletion can be
interprcted as that arising due to sustaining of hot metal

production plans initiated upto 84/85. .
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Table 6A.5 to 6a.1l0 in Appendix show the proe~
duction linkage programme obtained by solving the model
for various timc horizons. Table 6,2.1 shows the bchaviour
of the average cost of production/washing, average cost of
transpertation énly, and the i ndustry wide average cost of
supply as the model is solved for demands arising at
various time horizons. Since the marginal cost at cach
steel plant is differcnt, the table reports the weighted

average as a proxy for the industry level marginal cost 'L',

L= ] p.a / ! » e
Y
g KUK x K
wherc ‘LK = Shadow price at cach steel plant.
DK = Demand at each steel plant.

Table - 6_-2..1

Horizon 77/78 80/81 4/85 §4/95
Total coal supplicd (M.T) 17.458 39.786 76,941 182,182
Lverage total cost (Rs./T) 82,64 92.63 109.99 135,229

Lwwerage cost of
production only 65.56 T4aT792 Bh.4d 102,009

iverage cost of ] . .
Transport only 17,089 17.84 24055 33.22

Iwverage lead (kilo-
mcters) 237.68 248,22 341,427 4£62.03

Average marginal
cost 'L' (Rs./T) 93.08 108.46 114,90 158,89
The incrcase inrthe industry wide average cost

during thec first six ycars of 12.08% is largelv accounted
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for by an increcase in the production cost of 14.08%
together with a2 small incrcase in the lcad of 4.39%.

However between 80/8l and 8!/85 increasc of
18,74% in the average cost of supply comcs about as a
rcsult of a 37.55% incrcasc in the cost of transportation,
which ig8 duc to the southern steel plants of Vishakhapattanam
and Vijavanagar going into production. Thus duc to this
phcnomecnon of spatial movement of demand away from the
supply centres,laVCragc cost increases computed considcring
only production costs may be¢ baised downwardse.

Tarle 6.2.2 reports blockwise contribution at
various timec horizons with argwithout considering the
transportation nctwork. This is an indicator c¢f the role
transport cost plays in arriving at the optimal production
programme. For instancce considering only production costs,
contribution from Ranigunj is low - 0 M.T., 3.5 M.T. but
this block contributcs ?.38 and 8.802 M.T. as transport
costs arc considercd bccause it is favourably placed with
respoect to Durgapur stecl plant. Howcover over a twenty
vear horizon thc picturc rcoverscs as transportation nct-
work stabiliscs, Ranigunj centributing more if only pro-
duction costs are considered since its marginal cost rises
at a slow ratc.

Tablc 6.2.3 shows the averavte cost of production

and washing with and without considecring transport cost.


http://www.cvisiontech.com

Table = 6,2.2 BLOCKWISE CONTRIBUTION TO THE TOTAL CUMULATED DEMAND WITH AND WITHOUT
CONSIDERING TRANSPORT COSTS

.................--—....._——-——--—._——...-......___._.——..__-._-.-._._—_,_..—.-.-.-..__.._...._._.__...__._—..__.._....._.__.___ ST s

Year Cumulated
Derand JM3 RM1 EBM1 EBM2 EBM3 RGM1 RGM2 RGM3 NKM1
76/78  17.458 . «5437 9.807 7.15
(.3877)* (8.947) (8.123)
80/81 39,786 3,314  2.3834 21784  16.515 14,230 1,162
(3.789) (0.0) - (2.098)  (16.011) (15.934) (1.952)
AF
83/84 76,941 6.€94  8.802 13.713 3.006 204102 20.463  .7159 4,083
(84850) (3.504) (15.682) (3.127) (20.259) (204631) (.758) (4.126)
93/94 18g.182 14.251 28,067 56,074 5,438 30.0145 31,573 3,353 9.181 4,097

(18.909) (32.097)(51.298) (5.172) (28.703) (29.967) (2.975) (8,445) (2.613)

T S Y e S, i e s ., e e e S . e e e o . e s P o ——— v e — - e - . —— -

*FIGURES IN BRACKET SHOW PRODUCTION PROGRAMMES WITHOUT CONSIDER ING
TRANSPORT COSTS .
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The diffcrence between the two valuces indicates the oxtent
of choice available in the underlying system between the

production and transport coste

Table = 6.2.3 : Average cost of Production/
Washing of only.

Figs. in Rs./Tonne

 —— ——" o —— T — - — ] f— T ——

N fConsidering pro- -Considering produc—
= duction cost only tion and transport
cost
77/78 62430 65456
80/81 73.97 T4 .79
84/85 85.26 85,44
94/95 100.89 102,009

The average cost of production onlﬁ is uniformly
higher when transport costs arc considecred for then it may
bc ontimal to exploit ex-ensive blocks ncar the demand
centres and bring about a saving in the overall cost.

The diffcreonce betwecn the average costs is wider in the
bcginning when wider differ - nces in marginal costs across
blocks cxist, the differcnece narrows as marginal costs arc
Progressively cqualised by an optimal cxtraction programmes
For thc horizon 94/95 the difference again increases
beecause, the spatial dispersion of demand makes the transe
port cost morc important and provides scope for substitution

of 'expensive block which are closer to the demand centro.
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63 Model scnsitivity to transport cost variation

The optimal solution obtained in Table 6.1.2
shows a production linkage pattecrn that minimises the
total systems cost. However it is important for us to
cxaminc the role playved by the transport cost vis—a=vis the
production cost in arriving at the optimal pattern of supplye.:
In other words we must try and quantify the trade off

mentioned in the introduction.

One way to do this would be to increcase the
unit cost of transportation (Rs./tonne-~KM) kecping the
(production/washing) cost functions unchanged. Table 7a.11
in appendix reporits the result of solving the model with

the transport cost doubled. - The model now reallocates

production across blocks and shifts linkages, substituting
supply from chcap sources ncar demand cenires by expensive
sourccs far away, thercby saving on transport ecst which
has now bccome rclatively morc important. The extent

of saving on transport cost cléarly depends upon degreco

of choicc available inwthe underlying system bctween
production and transport eost. Greater the possibilitics

of substitution and relinking greater would be the scope for
reduction in transport cost and greater would be the drecp in

average lead in the system.


http://www.cvisiontech.com

2 176 "

The production and linkages that érc suggested
by the optimisation model secm to be insensitive. The
transport cost incrcases by less than double to the extent
of 3770 against 3777 M. Rs. (if the production/transportation
programmc was unchanged). The dccrecase in average lead
prought about is less than 1 KM (49 M. tonne KM). The
minor.changes in linkagces obscrved are as followse

The IISCO stecel plant was earlier suppliced its
recquirement of 4.895 M.T., partly from Jharia (JM3) to the
cxtent of 3.475 Me.T. and partly from Kathara in East Bokaro
coal field (EBM2) - 1;4l9 M.T. The transport costs from
the se supply centres arc Rse6.53 and Rs.7.99/tonnc kilometre
cach. When the transport costs’afe doubled-all the £.895 M.T.
of dcmané is met from Jharia (JM3) which has relatively less
transport coste.

The reailocation alsc induccs changes like the
following. The shipment of 2.618 M.T. of coal from Jharia
(TM3} to Bokaro with transport cost Of .92 Rs./tonne is
reduccd to 1,589 M.T, and are subgtituted by supply from
blocks in rFast Bokaro coal field which have highcr transport
costs of Rse2.38 and Rs.Z2.79/tonne. Thus the direction of
change of any individual feallocation cannot be prcdicted
but must emerde from the overall production transportation

mOdelo
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The picture th. t emerges is that each steel plant
is favourably placed from the point of view of transrort cost
with respocct to some coal ficld. Each ccal ficld has some
blocks which zre 'competitive} in the production/washing
cost scnses Blocks competitive from the production cost
point of vicw, located in a competitive coal ficld are linked
to the favourably placed stecl plant. This structurc of the
system makes the emcrging coal ficld/steel plant linkadgces
somcwhat inscnsitive however the split of production across
geological blocks within a field is detcrmincd by the guadratic
cost functionse.

The importance or otherwlse of integration of
production and transportation can also be studied by a
two stage partial optimisation exercise, donc as follows. In
the first stage we assumc that the planner minimises produc-—
tion washing cost only to supply thc aggregate cuantity
of coal without considering the transport cost. In the
sccond stage the contribution from cach block to thce
output is given as a datume. Using these as capacities of
supply centres the model is gsolved minimising transport cost
to mect the spatial distribution of demands to determine
linkages. Table 72.13 in appendix reports the results of
solving the transportation problem with capacitics as deter-
mined by minimising production cost only for the three time

Norizons 77/78, 80/8l1 and 84/85. Thesc can be compared

-
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with the corresponding production linkage Pprograrmme
emerging out of the to'al optimisation exercise, AS
seen in the table 6,3,.,l, the cost of production only

in the case of partial optimisation is lower than the
total optimisation exercise, but this 1s more that
offset by a large decrease in transport cost. If
transport cost considerations affected the production
programme greatly, then the total cost for the partial
optimisation exercise would have been substantialiy
higher, In our case, the total cost of partial optimi-
sation is higher than the total optimisation, by .1%96%
if the exercise is carried ogt for a three year horizon.
This increases to .51% for a ten year horizon. Daring
the period between 80/81 and 84/85, the industry
undergoes a sSpatial dispersion as a result of the
southern steel plants going into operation. Thus when
solved for the year, 80/8l (base year 75/76), the partial
optimisation results in total cost higher by «25% and
when solved over ten ysar horizon upto 84/85, the total
cost is higher by «51%. Thus, the spatial dispersion of
the industry induces result in larger gains due to
integration of production and transportation coste. The
total increase of .51% is not a significant gain in

% terms but in absolute terms integration of production
and transport cost implies a-gain of about 44 million

rupees. This is expected to increase if, after 1984/85,

*
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there is a spatial dispersion of steel plantse. Similarly
it is hoped that the mccthodology evolved can be used
for non-coking coal industry where due to a large

dispersion of ccal fields and power plants the integra-—

tion may lead to greater gains,
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Tablc - 6.3.1 : Structurc of costs with total optimisation compared with
that of partial coptimisation.

o i i e i e e o o o B M T T e e e

With total optimisation With partial optimi- Diffcrence (Total partial)

Total (Million rupeccs) sation (Million Rs.) dn absclutce torms ; e
Lme coal Cost cf <Cost of (MaRs.) Tl % bewms
yrizon  supplied  produc- Trans- Total '
(Metonncs) tion portation Cost CPR CTR Sl . N
only only TCh CER CTR  TC CPR CTR = TC
_________ S - L M R A
/78 174458 l1l44,55 298.34 1442.90 1087.67 358405 1445.72 56.88 —59¢7]1 2483 4496 20,01 196

0/81 39.786 2975.69 710.04 3685474 2942491 750,22 3693.13 32478 =40.18 7,40 1,10 5.65 .25

- Oo8T -

4/85 T6e941 6574431 1888,79 8463.10 65€0452 1946427 8506,79 13.79 -57.48 43.69 .21 3,04 .51

ok B T B okl i e M M S W M i PO o e e o o B T e e B A i B ot o gt S it B e g T Ak T e i e A o o o o — . — e L o e e . e T A
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MODEL : Run for mcdium coking coking with capital
costs at 18% discount rate

Basc yecar 75/76

Target year 84/85 Hrizon : ten years
No. of variables 64. Noc., of congtraints 8.

Time taken: 1 hour 35 minutes IBM 1620

No. of itcrations 42.

Quadratic programming, Lemke's algorithm,

B P e T g S o, G S P A W e T A g g g e O et s e . S T gl S T g Pt T U et g T s . gt e Y A T g gy P gy

Value % of Average

Total ( tonnc)
Total supply of coal to 8
steel plants (M.t.) 764941
Total cost~value of the
objective function at the
optimal point (N.Rs.) 8899.5254 115.6668
Cdsttaf production
washing only (M.Rs.) 6991,754  78.60 90.871
Cost gf transportation ‘
only (M. Rse) 1207.771 21.40 24,795

Lead Total tonne
kilometres 344{857

transported (M) 26533.671

I 440t 1 U e o S A s e T S D o ek S e T i A e S 0 B S ) B 08 S 8 g,

a
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Table 6Ae2 -— Sclution with capital valucd at 18% discount ratce.

S 5 T R T A B A T R =
PLANTS MCigi=pnli +
GEOLO- BHI DSP RSP TIS IIS BOK VAP VSP 04 Ali A2i 272101
GICAL
BLOCKS
JM3 4.5782 1.0974 5.6756  89.786 1.645 1c8.4587
BML 6.5241 - 6.5241 113.193  .387 118,242
EBM1 2.2787 6.1213 6.109 17.509 964311 .354 106. 583
EEM3 : : 21.6238 21.6238 52.853 1,272 1078639
RGM1 9.7641 4.909 3.029 3.259 20.961  57.296 1.206  107.854
ROM?2 v 7324 .7324 99,831 5.477 107.854

DEMAND 144893 8.802 11.03 8,312 4895 22,721 3.029 3.259 76.941

SHADOW
PRICE LK 61114 119.024 128.834 12¢.304 114,983 10034 253.840 676074

B L I B b e el Lt T I R R L R A S

8l "=
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Table ~ 6A.3

MODEL ¢ Run for medium coking coal with cost functions
evaluated for shadow wage rate

« Base ycar 75/76

« Target year 84/85" Horizon : ten years.
+» No, of variables 64, No. of constraints 8.
Timc taken 1 hour 6 minutas " IBM 1620

Noe. of iterations 21

(uadratic programming Lcmke s algorithm.,

Value % of total Avcerage
Rs./tonne.

Total supply of coal to 8
steel plants (Mo To) 76. 941

Total cost value of the
objcctive function at the

optimal point (MeRsz.) 7698.138 100405
Cost o £ production ' .

only (M. Rs.) 5806,511 75,43 75446
Cost of transportation

only (M. Rs.) 1891.627 21457 24458
Lead (average kilometres) 336.516

(average tonnee
kilometres) 25891.8%90

= —— - . o - S b et T T e A gy W S S et S et S S S i AP - s e e
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Table 6A.d

e
L4

{712 ﬁ%@esy the market wage rate)

——— 1 e 4 et B e et g St A S e e e e e S et o o S T e e e e M i e e et WO A e . e e e e e e i i R . S R 2 o T e o o o S b v o e o o s ot

e B e i T U e e e e i e e S T S g B i et e W R o G o i S s i s e i e e W e e S e e b e S e . S e s e

STEEL
FLANTS  puq DSP
BLOCKS
T3
=M1 8.802
ETML
EBM2
KEM3
RGM1 13,3619
RGM2 . 6079
RGM3 . G250
DEMZ.ND 14,893 8.802
SH7,DOW

PRICE LK 141.259 98.074 108.979 1D0&49 95.129 89.519 233229 156,215

T Ry T T . TR e MR gt A i B et i, e, BTt g W e (P S S Y e S e Bl g Y B g Gt St St Bt gt et S e e iy W

6735

4,2947

11.03

5.756
25557

80 3‘12

Mcl(Qi)=ald

IIS BOK VAP  VZP Qi Ali azi Y2 a2iloi)
B SO Sy—— .
4.895  .5308 5.4258 71.449 1,304 85. 60
8.802 92,672  .3069  98.074
.7679 13,258 79.039  .2900  86.728
2.5557 64,02 4,523 87.138
3,029 20,6856 49,276  .9360 87,79 P
.
6079 82,681  4.374 87.99 :
3.259  4.182 71.154  2.014 87,99
2.895 22,721 3.029 3.259 76.941
?
;
i
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Table = 6A 5

-

MODEL Run for Medium Coking Coal.

; Base year - 75/76.
. Target year 77/78 Hogfigh- 3 years from the base year.
. No. of variables 36, No. of constraints 6.
time taken 45 minutes. IBM 1620. No. of iterations 18.

Quadratic Programming Lemke's algorithm.

...,,_—__.._.-....-_.-.-.__.—_—___—_..___—_________,_..__._——..._________——_.-.._..-—,_ o — e i ot —

Value % of Averadge
total /tonne

Total supply of coal to
the six steel plants (M.T.) 17.458
Total cost = value of the
objective function at the
optimal point (M.Rs.) 1442.9 82.64
tost of production only
(MRS 1144 .556 79.32 65456
Cost of transportation
only {M.Rs.) 298.344 20.68 17.089
Lead =~ Kilometers 237.680

Tonne- — Kilometers 4149.43

- —— ——— o BT e, P it e s e o i A —.__.._._—.——.—-—__—.-.—.——_.-——-—---———-—-————...._—...—-—__.—--—
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‘ Table - 6A .6 MODEL RUN WITH DEMANDS UPTO YEAR 77/78

grEEL T P RSP TISCO  IIScO i - B
LANT BH DS 3 TIS sSC BOK VAP VZP Qi Ali A2i Ali+2A2i01
GEOLO-—
GICAL
BLOCK
 TM3 0 82.474 1.5711 82,474
il O  1lol.8737" 3768 101.6737
EBM2 5437 ‘ 5437  68.478 5.2693 74,207
EEM3 24327 1.3913 1.296 4.75 8.807 49,731 1.276 74.758
RGM1  4.149 3.001 7.15 53.81531,1534  70.308 E
[
RGEM2 o) 94,064 4,859 94,064 &
. i
RGM3 0 80.85 2.4943  80.850
DEMAND _ _
(M.T.). 4.149 2,327 3.001 1,935 1,296 44750 0.0 0.0
SHADOW @

?iICE) 123.577 86.24 91.29 87.52 82.20 76167 Q 0
-KO )

T T e e e e L —— e e py
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Table

MODEL

‘_6Aa"7

Run for Medium Coking Coal with demands
six vears from the base year.

Base year 75/76.

Target year B0/81l Hurigon = six Yearss

No. of variables 36, No. of comstraints.

time taken 45 minutes, IBM 1620, No. of

Value % of
total
Total supply of coal to
the six steel plants (M,T) 39,786
Total cost - Value of the :
objective function at the
optimal point (M.RS.) 3685.7377 -
Cost of production only (M.Rs} 2975,69 80.74
Cost 6f transportation
only (M.Rs.) 710404 192.26
Lead - tonne kilometer 9875.38
kilometers 248,212

at

G

iterations: 24.

. e e i et T 2 S S O e e S e S ST 1 M i

Averade .
/tonne.

I e e e ST e e S T S G 0 g e T S A

92.63

744792

17.84
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Table - GA.8 MODEL RUN WITH DEMawDS ypro go/gl

—_—
e gy

e e e o e e e S T M gy " B o P e S e — - — o — ki

Mci(oi)=
g;%ﬁg— BHI DSP RSP TISCO  IISCO BOK wyap vyop @il Ali A1 i
GICAL
BLOCK .y R eem W M@~ T B oA
JM3 4676 2B 3.314 82,4738 1.5711  92.887
RM1 2.3834 2.3834 101.6737 .3768 1034469
EBM1 O  91.4547 43025 91.4547
EBM?2 ' 2.1784 241784 68,478  5.2693 91.475
EBM3 1.6844 2.1335 12.697 16,515 49.731  1.276 914877
RGM1 8.386  .5664 5.278 14,230 53.8153 1.1534 864641
RGM2Z o 94,064 4,859 94 ,ped
RGM3 1.162 1,162 80850 2.4943 86,641
DEMAND  8.386  5.102 6.442 4.312 2.847 12,697
SHADOW

PRICE -“139.914 103.469 107.635 104.750 99.422 93,394

i —— e T A,
——— ——— T T i AR oy t A A —— T — . " i ."—---._..___,>_____

o A e e e e e ————— L o — - e i Em o kT e e

. @QT.
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Table ~ 6a,9

MODEL : Run with demands cumulated for a 20 Year horizone.
Demands assumed to stabilise after ten years (84/85)
and c@1 supply only to sustain a steel production
level reached in 84/85.

+ Base year 75/76.
. Target year 94/95, Horizon 20 years.
No. of variables 72, No. of censtraints 8.
Time taken 2 hours. DNo. of iterations 36.
Value - % of Average
total / tonne

Total coal supplied (M.T.) 182.182 -

Total cost - Value of the

objective function at the

optimal point (M.Rs.) 24636.4230 - 135.229

Cost of producticon and

washing only (MsRse.) 18584 .278 T5ed4 102.009

Cost of transpertation

only (M. RS.) 6052,1452 24,56 33.220

Lead = Tonne-—Kilometres 84174 .48

Kilometres 462,03
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Table = 6A+10  MODEL RUN WITH DEMANDS UPTO 94/95

———— i — _— e s T e A P e S M Y i e S it B e S At e G S T oo T A it e e o e S M e e S ey e I —k
— — a— e — n " fan e e e e A e e St e e

STEEL igiigi;:(}l
g;%ig” BHI DSP RSP TISCO  IISCO BOK VAP  Vgzp 0i ali A2i ‘
GICAL
279 CT inoiel W T S - - | e e e m e — e e o
a3 ? * 07 2500 | 14,251 82.474 1,571F 127.253

. RM1 18.052 10.015 28.067 101.6737 43768  122.825
EBM1 22+50 17,489 16.085 56,074 91.4547 .3025  125.379
EBM2 | <822 40686 - 52438 68,478 5.2693  125.787
ECM3 30.0145 30.0145 49,731 1.276 126,328
RGML  14.531 <0934  16.949 31.573 53.8153 1.1834  126.649 :§
REM2 34353 ' 3+353 94,064 4.8590 1264649 1
RGM3 9,181 9.181  80.850 ' 2.4943  126.649
NKML  4.097 4.097 118.6098 .8381  125.477

DEMAND 31.163 18.052 22.50 18.312 10.015: 49,012 16.179 16.%9

SHADOW
?RICE) 179.918 122.825 147.639 139.103 126 .850 128.178 271..881 194.880
L.Ke.
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Table =~ 6A.ll

MODEL : Run for Medium Coking Coal with the transport cogt

doubled @ 14,38 Paise/tonne WM.

- Base year 75/76.

- Target year 84/85, Homizon; ten vears.

« No. of variables 64, No. of constraints 8.

« time taken 1 hour 3% minutes, IBM 1620, No
iterations: 37. ;

Quadratic programming, Lemke's algorithm..

e T Y g i i gt S P e, i, Bt e T it e e O e . T s S e s e T e e B T o i gy P i

. Of

ey et e G S S M S g el S Bt

Value % of total Average
/tonne

Total supply of coal to 8
steel plants (M.T) 76.941
Total Cost - Value of the
objective function at the
optimal point (M.Rs.} 10364 .034 134470
Cost of prodﬁction only(M.ls) 6593.530 63462 85.696
Cost of transportation -
only (M.Rs.) 377045046 26.38 4£9.0972

Lead - (average kilometers) 340.786

- (average tonne—
kilometers) - 26220.445

A S s e s st P (s T sy B g B
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Table —-ga .12 MODEL RUN WITH TRANSPORT COST DOUBLED

e e e e e o T e T T e e i ot o o e T o e e e e o e i — . = e e i g Tl a A ey M e e vy T ——  ——— ——— — o —— —

STEEL | . . . MCi{Qi)=
PLANT BHI DSP RSP TISCO IIsCO BOK VAP VzP Q01 Alid AZ21 All+2A2iQi
GEOLOG ICAL
SReCS e S W N, e = et o e e 4 _paiie _swemen Seilie e Bl S N
JMm3 s 4,895 1.589 6,484 82.4738 1.5711  102.8478
M1 ' 8.802 8.802 l04.5547  .3768 111.,1878
“EBM1 6,530 6.1105 12.640 91.4547 3025 99,1022
EEM2 2.2014 .782 © '2,9835 684478  5.2693 99,920
EBM3 _ 20.345 204349 29,731 1,276 = 101.6639
RGML1 9.9451 4 .4996 3,029 34259 204632 53.8153 1,1534 101,642
RGM2 .7798 : V7798 94.064  4.859  101.642
RGM3 4.1679 ' 4,168 £0,850 2.4943 101,642 !
%EMAN? 14.893  8.802 11.03 8.312 4.895 22.721 3,029 3.259 - E
MaTe :

SHADOW 208,179 111.187 143.619 126.549 115914 104,699 392,105 238,101 -

T o i T e e T 8 ol e e e el e e R o Al o e Y . B s s " o o e e et o o e o e . o e S i e e S e
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Table — 6A.13

Time horizon

S T i P ey i i s

EBM]
EBM2
EBM3
RGM1 14,893
RGM2
RGM3
DEMAND 14£.893

A . s s S W s e ok ey ey

RGM1 8.386

DEMAND 8.386

Time Horizon :

D T p—

RGM1 44149

A ey r Rt e e e S S e Ry e e e

e

£ LS

Production/traﬁsportation programme for the
partial optimisation cxercise, Qi's are
determincd by considering production cost only.

83/84 Total Cost of Transport 1946.27 M,Rs.
DSP RSP TISCO ITISCO BPK VAP VZP Qi
______________________________________________________ &
1.494 4,895 2.462 8.851
3.505 3.505
2.169 3,667 6.818 3.029 15.683
3.128 3.128
204259 20.259
2.479 3.259 20.631
.758 * 758
4,126 4,126 .
8.802 11,030 8.312 4.895 22,721-3.029 3,259
80/ 81 Cost of Transport 750,22 M.Rs.
DSP RSP TIsCO IIsCO BOK VAP VZP 01
2942 2.847 3.789
2+043 «055 2,098
3.315 12,697 16,012
1.952 1.952
5,102 6.4472 4,312 2.847 12,697
77/78 Cost of Transport 358.056. M.Rs,
DSP RSP TISCO IISCO BOK VAP VzP Qi
« 387 « 387
«973 3.001 8,123

2.327 3.00l 1,935 1.296 4.750

oy, T L ST g S e e et TR ST M T . G B s SO e e A T o iy A, it W . R . e i o o sl PO e g e B gy . T
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Chapter -~ 7

AN OVERV IEW AND CONCLUS I(NS

7.1 The Appreach

In this study we have presented a methodology

which analysés mineral extraction programmes keeping

in mind notions of geological depletion and locational
advantage vig—-a-~vis dgmand centres in an integrated
analytical framework. The methodology, though applicable
to mineral extraction programmes in general has been
developed and applied to the coking coal industry.
Methodologically as brought out in the literature survey,
there is no single satisfactory index of geological
depletion inzbool of exhaustible resource wnich conforms
fully to our a priori notions of depletion. We would
expect marginal cost to be rising with each tonne extracted,
thus marginal cost increases should be observed even for
maintaining a given rate of production. Also)different
resource pools, depending on their geological characteristics
should have different rates of increase of marginal coSt.
In Chapter 3, we developed the idea of a cumulative cost
function as an index of the geological complexity of a

i _

block, and depletion could be thought of as cost increases
resulting from movement along this Block Level Cumulative
Cost Function (BLCCF). The BLCCF has been developed as

a long run cost function in which it is assumed that

L]
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capaclty can be costlessly adjusted to the amount desired
to be.produced during any year,l Oné would haye liked to
work with more specific capital and operating costs,
introducing constraints which restrict the shifting of
capital across blocks OVegéime. This would have led to

a model of considerable mathematical complexity. The
assumption of cdstless shiftability of capital has the
merit that it greatly simplifies computation and is
empirically not too unrealistic. After estimating the
BLCCF, our subsequent aim is to use them to identify a
pProduction washing and transport pProgrammne to meet an
exogenously specified, spatially distributed?time profile
of demands, at minimum discounted present value of pro-
duction, washing and transport cost. The Model (1) pre-
sented in Chapter 5, is a model for project identification
rather than evaluation of projects already identified,
Working with seamwise geological data, rather than specific
investment proposaisJModel (1) provides a solution to

the Chronic problem of lack of availability of a shelf

of feasibilfity reports which is particularly severe for
the coal industry. The planning process in the coal
industry as envisaged in our approach then consists of
two phases. First.a macro model to identify crucial
blocks is solved, and then tactical drillting in each of

these i1s initiated based on the output predicted by the
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model to identify the locations for which project

repbrts may be commissioned.

7.2 Estimation of the BICCFE

The BLCCR is estimated at the level of a
geological block which consists of a number of coal
seams. The BLCCF is built up by aggregating scam
level total cost functions, which depend upon the
geclogical parameters of the coal seam, An attempt was
made to statistically correlate seam level costs to the
‘geological parameters of a seam mined by underground
methods. This proved to be unsuccessful because the
data were not sufficiently differentiated. FPerhaps
it is important to éollect data on costs incurred in
various stages of mining and geological parameters that
influence costs thers so that cost functions for each
stage could be estimated. These can then be aggregated
to arrive at a seam level total cost curve. In the
absence of statistical cost functiongwe relied upon
the engineering estimates of how costs in each stage
of mining are influenced by geological variables. It
was however\péssiblé to correlate costs of open cast
mines to the coal overburden fatio of the coal seam..
Similarly it was possible to statistically correlateg
the yield in a coal washery g&;;n the raw coal ana

clean coal ash, from washery data (Appendix 30,2).

- "
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Both these analyses should by themselves be useful to
the researchers and policy makers in this area.

The BLCCF is computed for each block by estima-
ting cost incurred and ouktput obtained as seam after
seam 1s exploited in an increasing cost sequence, The
set of points as oObtained above is approximated by a
quadratic functione. This characterises the geological
complexity of a block by just two p;ramaters. The
nature of geological complexity of each block can be
easily understood by observing the impact on these para-
meters of a change in factor prices. In the course orf
estimation of the BILCCF we also obtained a forecast of
the distribution of production betwecn open cast and
underground methods ©of wining and how this changes in

response to a change in factor prices, (rable 3.5.10).

7.3 The programming model

In Chapter 5 we use the DICCF's as inputs and
specify an overall model to minimisc the discounted
présent value of production washing and transportation
costs, while meeting an exogenously specified spatially
distributed time profile of demands. Chapter 5 presents
solutions to the model when transport costs are absent
by a simple dual enumeration procedure. The marginal
cost curves obtained provideﬁ an economic dimension to

Indian coking cgal reserves which hitherto had onlw been

o
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chapacterised by thelr geological attributes. For, Prime
Coking Coal, reported in Fig. 5,1 the marginal cost
increases from 55 Rse./te to 155 Rs./te as the additional
cumulative output builds up, to 600 M. tonnesa_ ihe present
annual output being 7.37 mets It must be noted that these
refer to an optimal programme of mining. The marginal

cost functions reveal intrinsic diffekrences in the nature

of deposits of Prime and Medium Coking Coal. Thus although +he
marginal cost curve of the Prime Coking cpal deposit lies
above that of Medium coking coal deposit, marginal costs in
the lakter increase at a higher rate than the former. Table
5+3¢6 computes the marginal cost at various points in time
with respect to varying rates of growth of demand for coking
coal in India. Thus at 5% per annum rate of growth, foe
the present scale of exploitation the marginal cost in the
Prime coking coal sector increases by 40% and that in Medium
coking coal by 38% over the next S0 years. The statistical
approximations to the cost schedules, and their shifts in
response to factor price have been reported in table 5.3,5.
These estimates we believe would be valuable in evolving
long run pricing policies and as inputs into models constructed
for exploring choices on interfuel substitution.

7.4 Interactions between production and transportation
cost ' ‘ LR ’ .

In chapter 6 we solve the model for medium coking

coal by considering the transportation costs. From the
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results we obtain the fieldwise production and

linkage programme of medium coking coal, for various
time horizons. The model also suggests fieldwise
washing capacity requirements as well as shadow prices
of clean coking coal at all steel plants. It thus
provides a ranking in terms of coking coal cost. We
also study the impact of changing the wage rate and
discount rate on fieldwise contribution to the total
output.. © The importance of integrating production
and transport costs is eXamining by solving thé model
with transport cost doubied and conducting 2 two stage
optimisation. It is found that integration of pro-
duction and transport costs does not lead to significant
gains in relative terms. Thus if one worked out a pro-
duction programme without considering transport Costs
anc used this as capacities to minimise transport cost
only, the increase in cost would only be ;Eié over the
integratad optimisation exercisc. Even then the savings
in abso;ute terms are 44 million Rs. However, as
steel plants are located away from the North Eastemn
region in future, the transport cost would become
important. Similarly, the methodology developed would
be useful, fﬁr analysing the non-coking coal industry |
where transport cost could be expected to play a major

role as the demand centres for non-coking coal are many

and are dispensed over the countrye )
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The line of analysis that 1is daveloped in

this study should be extended to the planning of

extraction programmes of other minerals. The empiricad

results presented are expected to be useful to policy

makers in coal, energy and related industries in India.
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