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SUMMARY

Part I of this study into the emission of air pollutants coming from the use
of coal within the U.Ks is concerned with the present and future patterns of ccal
production and consumption and the effect of these on possible future levels of
pollutant emissions. Part II of the study will examine the feasibility and
economics of pollutant reduction during production and combustion processes.

In this part of the study an examination of historic trends in the emissions
of sulphur dioxide and smoke is first presented (Section 2) and the improvement
in the U.K. atmospheric environment in recent years clearly shown. IEstimates of
future coal production and market disposals are then presented (Section 3) and
the uncertainty involved in making these projections noted.

The three major pollutants of concern - sulphur dioxide, oxides of nitrogen
and particulate matter - are then considered in detail (Section 4) and estimates
made of possible future emissions of each pollutant. Separate projections are
shown for low, medium and high level emissions. Of the three major pollutants
considered, sulphur dioxide is most likely to be dependent upon changes in coal
quality. The information presented on this shows that the average sulphur
content of U.K. coals is unlikely to change significantly in the foreseeable
future. The projections of pollutant emissions are not therefore dependent to
any significant extent on the quality of ccal reserves; the important considerations
are shown to be the estimated total future production of coal and the estimated
market breakdown of this total. The projected increases in the high level emissions
of all pollutants are a direct consequence of the projected increase in coal burn at
power stations. To the extent that the fuel consumption estimates are subject to a
substantial degree of uncertainty, so the projected emissions are also uncertain.
The medium level emissions of sulphur dioxide are not projected to increase bvecause
of the introducticn of new plant in the industrial market with significantly lower
levels of emission per tonne of fuel consumed. A continuing reduction in the low
level emissions of all pollutants is projected because of the progressive
implementation of existing legislation in respect of domestic smoke control and
a small reduction in the domestic coal burn.

An analysis of trace element concentrations in U.X. coals is presented in
Section 5 but no projections of future concentrations are shown since there is no
reason to assume that there will be any significant movement in these concen-
traticns during the period with which the study is concerned. A brief description
of current coal preparation practice and its effect on sulphur is presented in
Section 6 and the principal legislation relating to Air Pollution in the U.X. is
summarised in Section 7.

Finally this report concludes that the changes in patterns of fuel usage
which have been the major factors in securing the environmental improvements seen
in the U.K. during the last 20 years, will continue to be the primary influence
in determining ground level concentrations of the pollutants considered. The
report indicates that these trends will be such as to ensure that the progressive
reduction in ground level concentrations will continue into the foreseeable future.
The significance of such developments as fuel desulphurisation, flue gas washing,
or fluidised-bed combustion will be among the considerations dealt with in Part II
of this study.
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PART 1






1. Introduction

1.1 In February 1977, the National Coal Board was asked by the Environment and
Consumer Protection Service of the Commission of the Huropean Communities to
undertake a study into the present and possible future release of air pollutants
arising from the use of coal within the United Kingdom.

1.2 The pollutants with which the study would mainly be concerned were

(a) SOp
(b) NOx

(¢) Particulate Matter.

Reference would also be made to chloriﬁe, fluorine and certain trace elements
(Arsenic, Cadmium, Mercury, Lead and Vanadium).

1.3 In order to arrive at quantified estimates of pollutant release, a considerab
amount of scientific data on coal analysis has been collated,together with
information on present and possible future patterns of coal production and
consumption. This report, which constitutes Part I of the study, summarises

this information and in particular shows the estimated emissions of the three
major pollutants listed above for the reference year, 1975/76.

Estimates are also made of the position which obtained in 1970/71, and
projections are made for 1980, 1985, 1990, and 2000.

1.4 Part II of the study will examine the feasibility and economics of sulphur
reduction at the point of production and the reduction and disposal of pollutants
during consumption over and above that assumed in this report.
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2. Historical Perspective 1956 - 1976

2.1.1 Pattern of U.K. Pollutant Zmissions from Coal

The estimated emissions of smoke and oxides of sulpnur from tne use of
coal and other solid smokeless fuels given in Table 1 are taken from the 1975
Yearbook of the National Society for Clean Air and from 'Clean Air', Winter 1977.

Table 1 Emissions of smoke and sulphur oxides from the use of coal

106 tonnes p.ae.

Year
Pollutant 1956 1960 1964 1963 1971 1976
Smoke 2.29 1.47 1.14 0.84 0.52 0.37
SCx 4,88 4,73 4,65 4,01 2.97 2.36
2.2 ‘Smoke

The marked and progressive reduction in smoke emissions since 1956 has had
two main causes:

(i) In 1956, domestic solid fuel consumption was 41 m tonnes. In 1976
not only had this fallen to 14 m tonnes, but due largely to smoke control
legislation, the proportion of smokeless fuel had risen from 15% to 37%.

(ii) In 1956 77 m tonnes was supplied to Industrial plant and Railways.
By 1976, this market had fallen to 13 m tonnes and this tonnage was also subject
to smoke control legislation.

It should ve noted that in 1956, 56% of the total smoke emitted in the
U.K. came from domestic open fires. In 1976 this proportion had risen to 90% and
most of this was in rural areas. Some indication of the environmental effect of
these changing patterns of consumption may be obtained from the National Survey
of Air Pollution carried out by the Warren Spring Laboratory of the Department of
Industry. This showed that between 1959 and 1970 annual average smoke concen-
trations at ground level in urban areas of the U.K. fell from 170 to SS‘pg/m5.
A more recent communication from the laboratory gives the corresponding figure
for 1975/76 as 32 pg/m>. (Appendix I briefly describes the method used by the
Warren Spring Laboratory to calculate National Average concentrations.)

243 Sulphur Oxides

The emission of sulphur oxides follows the pattern of coal consumption
during these years. Two points should be noted:

(i) In 1956, power stations accounted for 29% of total coal disposals.
By 1976 this figure had risen to 61%, entailing a progortional reduction in the
emission of sulphur oxides at medium and low level.

(ii) Total estimated emissions of sulphur oxides from the use of fossil
fuels rose from 5.4m tonnes in 1956 to 6.5m tonnes in 1965, and then declined
gradually to 5.0m tonnes in 1976. The emissions from the use of coal in the same
years were 4,9, 4.6 and 2.9 m. tonnes respectively.

The/



The combined effect of these factors was shown by Warren Spring Laboratory
to have resulted in a fall in average SO, concentration at ground level in U.K.
urban areas from 155 )ug/mB in 1959, to 1CO ,ug/m3 in 1970.

We are now informed by the Laboratory that the corresponding figure for
1974/75 was 74 ug/m>.
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3. Coal Production and Market Disposals

tatistics and Projections

3.1 Table 2 shows the tonnages and analyses of coal supplied by tae N.C.3. to
each of the main market sectors in 1970/71 and 1975/76. It shows that the main
changes during this period were a 15% decrease in total disposals, a 10% increase
in disposals to power stations, a slight rise in ash and moisture content causing
a reduction in calorific value and virtually no change in the sulphur-.and chlorine
content.

3.2 Appendices II and III show regional breakdowns for N.C.3. disposals in the
base year, 1975/76, and Appendix IV gives details for imported coals for the same
year. No analysis of the coal produced by licensed mines has been presented.

3.3 Table 3 summarises the N.C.B. disposals in 1970/71 and 1975/76 and shows
estimates of future disposals by market for 1980, 1985, 1990 and 2000. The
estimate for the year 20C0 is the mean of the range indicated in "Coal for the
Future'" (2) and more recently published by the Departmental of Energy in the
consultative document "Energy Policy'" (3). The estimate for 1985 is that given
in "Plan for Coal" (1) and also in "Energy Policy'". The estimate for 1990 is an
interpolation of those for the years 1985 and 2000. It should be emphasised that
these forecasts, and particularly the furthest projections, are subject to a
substantial degree of uncertainty. Tkey may be considered to be taken from the
ranges:=

1985 126-136 1.06 tonnes
1990 132-160 "
2000 137_203 1" 1"



NCB DISPOSALS BY MARKET WITH RELATED ANALYTICAL DATA

UK Total

1970/ 71

TABLE 2

Technical Analysis (Actual)

Market Sector 106 '
tonnes (Moisture Ash | Cal.Val., SulphurlChlorine
% b ki 7 7

Power Stations 66.3 1.3 16.2 24,440 1.4 5423
Carbonisation 24,0 9.0 Te3 29,650 1.17 017
Industrial & Misc. 28.1 10.3 9.0 27,690 1.37 .25
Domestic and

manufactured Fuels 19-8 8.4 2+0 29,980 1.23 0.25
Others inc. Export 2.9 10.6 8.3 27,910 1.34 0.26
Total 141.1 10.3 11.5 26,820 1.37 0.23
===

1975/176
UK Total
6 Technical Analysis (Actual)
Market Sector 10
Tonnes | Moisture Ash Cal.Val} Sulphurj Chlorine
% % | ki/ke % %

Power Stations T3.1 11.9 17.1 24,070 1.51 0.23
Carbonisation 17.5 904 6-0 30, 140 1e 15 Oe 19
Industrial & Misc. 12.1 113 9.6 26,860 1.42 Ge25
Domestic and

manufactured Fuels 15.0 8.6 4.7 30,020 1.20 0.28
Others inc. Exports 1.5 9.9 6.3 29.950 | 1.07 0.13
Total 119.2 11.1 13.2 25,920 1.41 0.23
=
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b, Pollutant Zmissions : Estimates and Projections

4,1 In this section, emissions of the three major pollutants under consideration
are estimated and projected under three headings : high, medium and low level.
This division is inevitably somewhat arbitrary, and requires some explanation.

Briefly, all power station emissions are taken as high level, all industrial
emissions as medium level, and domestic emissions as low level. It will be clear
that this is only one of a variety of approaches which could have been adopted:
for example a number of heavy industrial sources could legitimately be regarded as
nigh level. However, the categorisation used is useful for the purpose of demon-
strating trends and in distinguishing between low level emissions and medium level
emissions, which come mainly from industrial chimneys whose heights are controlled
by the Clean Air Acts (see Section 7).

4,2 Sulphur Dioxide

L,2.1 All British coals contain sulphur in a number of forms (see Section 6) and
it is the oxidation of this sulphur during the combustion of coal which gives rise
to the emission of sulphur dioxide (SO2). Some sulphur is retained in the coal
ash, and a small amount may be emitted in the form of sulphur trioxide (SO3).

For the purposes of this study it will be assumed that 90% of the sulphur in coal
is emitted, and that all of this is in the form of SOp.

4L,2.2 The average sulphur content of British coal, increased from around 1.2% in
1938 to l.4% in 1952 since which time it has remained at broadly the same level.
Average sulphur contents vary from coalfield to coalfield. Scottish and Welsh
coals are outstandingly low, most containing less than 1.0% whereas Yorkshire
coals tend to be higher than the national average with mean values approachlng
1.7%. The current overall position by coalfield is as follows:

Coalfield average % S. Total output %
- 0.5 Nil
0.5 to 1.0 18
1.0 to 1.5 51
1.5 to 2.0 31
+ 2.0 Nil

4511 sulphur contents on the as received basi§7

Current production plans indicate that the sulphur content of the output from
existing pits will remain at the present level for the next ten years. The
sulphur content of classified plus unclassified reserves at existing collieries
plus Selby, Thorne and Betws new mines is the same as that in present and planned
output. However, the sulphur content in the classified portion of those reserves
is slightly higher than in the unclassified reserves. To that extent, when these
reserves are mined, there may be a tendency for the sulphur content of the output
to rise by perhaps 0.l percentage point.

4,2.3 The sulphur content in opencast output is forecast, on present production
plans, to fall initially to 1l.5% in 1980 and then rise to 1l.6% in 2000.

4,2.4 The plans of the National Coal Board involve a high proportion of output
coming by the end of the century from new mines, most of which have not yet been
identified. Those which have been identified are likely to have outputs whose
sulphur contents are similar to that of current output. These mines would there-
fore moderate the possible tendency for the sulphur content of existing mines to
rise slightly. So far as unidentified new mines are concerned, the best view
would appear to be that a high proportion will be in the eastwards extension of
the Zast Pennine coalfield with a few in the other coalfields now being worked.

It/
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It is reasonable at this stage to .assume that the average sulphur content of
output from these sources will be comparable to that of the reserves originally
available to existing mines in those coalfields. This is lower than the present
average for national output and it is therefore probable that a programme of new
mines based on existing coalfields will tend to reduce the sulphur content of
U.X. output.

4L,2.5 It must be reccgnised that any large programme of new mines - perhars
above the 150 m.t.p.a. deepmined output in the year 2000 taken as a mid-point

in "Coal for the Future' - might well involve new sinkings in Oxfordshire and/or
the Cheshire basin, both of which appear to have sulphur contents somewhat higher
than the average of classified reserves. But the time when the output from
collieries in new coalfields could have perceptible influence on the national
average is very distant.

L,2.6 In conclusion, the available evidence points to a tendency towards a slight
rise of 0.1% at most in the sulphur content of output from existing mines, and
from opencast. This tendency is likely to be moderated or even cancelled out by
the relatively low sulphur content expected in output from new mines at least
until the end of the century.

4,2,7 Based upon the tonnage data and projections set out in Section 3, and the
assumptions made in Section 4.2.1 Table 4 shows the emission of SCp from low-
level, medium level and high-level sources, with projections to 2C00.

4,2,8 In estimating the medium-level emissions of SO it has been necessary to
consider the development of fluidised bed combustion between now and the year

2000 in the industrial market. An evaluation of the scope for sulphur reduction

by this process will be presented in Part II of the study. In Part I it has been
assumed that there will be no sddition of limestone for S$O_ control in fluidised
bed tired boilers and furnaces.The medium level emissions shown in table 4 includ

those from coal carbonisation.
L,3 NOx

4.3.1 During the combustion of coal, oxides of nitrogen are formed, partly by
the combination of atmospheric nitrogen and oxygen, and partly by the oxidation
of chemically-hneld nitrogen in the fuel, For the purposes of this study, the
term NOx is used to denote the sum of the NO and NOp; other oxides of nitrogen
are not considered.

4,3,2 High level emissions.

The main factors affecting NOx formation and emission in large boiler
plants are

(1) flame temperature

(ii) residence time
(iii) Oxygen concentration (excess air)
(iv) Nitrogen content of fuel.

For pulverised fuel power stations operating in the U.K. emissions per
tonne of coal burned are taken as:=- -

5000 grammes of NO
700 grammes of NOp ’

5700 grammes of NOx

Since over 95% of the coal burned at power stations in 1575/76 was at

pulverised fuel power stations, these rates are assumed to be representative cof

the/
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the average for all power stations and have been applied to the estimates of tha
total power station burns to calculate the haigh level emissions shown in Table 5.

4.,3,3  Medium level emissions.

These will include emissions from industrial process, steam-raising and
heating installations, and a wide variety of combustion conditions will be
involved. Clearly, any figure of NOx emission for this type of plant can only
be an approximation and individual sources will vary widely. rfor these reasoxs,
it has not proved possible to derive a figure for NOx emissions which could be
meaningfully applied across the industrial spectrum. The emissions shown in
Table 5, for completeness, are based on the same emission rates as for power
stations; it must be emphasised that these figures are merely indicators.

4,3.4 low level emissions.

Domestic appliances also show a wide variation in NOx emissions, teing
greatest with the closed appliances of the 'roomheater' type which operate at
higher temperatures. Nevertheless, since the contribution of domestic sources
to. total NOx emission is fairly small, an average figure which can te arplied
to the domestic market as a whole has been deemed to bte sufficiently accurate
for the purposes of this study. This is taken as 700 grammes per tonne of c¢oal
turned and is shown and vrojected in Table S.

4.4 Particulate Matter

bob,1 igh level emissions.

Section 7 gets out the legislation with regard to particulate emissions.
It will be clear from this that it is not possible to establish precisely
quantified criteria for U.K. installations but, in general, the figure of 0,05
grains/cu.ft. of flue gases may be taken as typical of best practlce and will be
used as an average figure for power station plant. This approximates to 950
grammes per tonne of coal burned, and this is the figure which is shown and
projected in Table 6.

L,4,2 Medium level emissions.

Industrial and commercial installations are subject to the provisions of
the Clean Air Acts. Permitted grit and dust emissions are governed by a variety
of considerations such as the purpose and location of the plant and therefore
precise determination of emission levels is not possible. However, as a first
approximation, and using an average excess air usage denoted by 10% C02 1n flue
gases, a figure of 3000 grammes per tonne of coal burned is used. Table 6 has
been compiled on this basis.

L,4,3 Low level emissions.
These emanate from two main classes of appliance.
(i) domestic open fires burning coal. Particulate matter
emission here has been taken as 35,000 grammes per
tonne of coal burned;
(ii) domestic appliances burning smokeless fuel. The maximum
emission rate required of a manufactured fuel before it

can be classified as smokeless is 5 grammes per hour at
a normal burning rate (usually around 1 Kg/hour). On

this/
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this basis, an average emission rate for smokeless
fuels in practice of 2,500 grammes per tonne of fuel
burned has been assumed,

There is, in addition, a small tonnage of bituminous coal {about Z mMetepoas)
burned on 'smokeater' appliances. These are designed to operate smokelessly,
and for the purposes of this exercise are classified as smokeless fuel burning.

Total domestic consumption in the reference year was 13 million tonnes
of which 4C% was smokeless fuel, It is expected that this total figure will
fall to around 8 million tonnes p.a. by 1985, but projections beyond that date
become extremely difficult. It is likely that, with the exhaustion of natural
gas reserves, the domestic consumption of solid fuel will rise in the long term,
but this is unlikely to become an important factor before the end of the century.
In view of the fact that much of the 8 met.p.as forecast for 1685 will be consumed
in rural areas where there is no gas supply, it is assumed that this figure for
direct domestic consumption will continue until 2CCO.

Within that figure, the proportion of solid fuel which is burned smoke-
lessly will depend upon a number of factors. Progress with the implementation
of smoke control areas will be the main factor tending to increase it in urban
areas, this will tend to be balanced by the fact that a substantial proportiocn of
bituminous coal consumption is in rural areas, and this tonnage is less vulnerable
to competition from other fuels., It is assumed that the combined effect of these
factors will be to increase the smokeless share of the domestic market from its
present 40% to S50% by the end of the century.

The implications of these assumptions for low-level particulate emissions
are shown in Table 6.
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5. Trace Elements

Samples were taken in each of the producing coalfields and analysed for
the trace elements shown in Table 7. No projection of these figures has been
attempted but there is no reason to suppose that there will be any significant
movement in these concentrations during the period with which the study is
concerned. Emission of these elements will clearly be dependent largely upon
the extent to which they are volatilised during the combustion process. To
the extent that they are emitted, the tall stack policy, whilst primarily
aimed at SO2 also ensures the adequate dilution and dispersal of all other
emissions, including heavy metals and other trace elements.

TABLE 7

Trace Element Concentrations

National Average Range of Coalfield
Concentration . Averages
P.p.M. ' p.p.m.
Arsenic 18 4-40
Cadmium 0.4 0.3-0.56
Mercury 0.5 0.4-0.6
Lead 38 28-60 {
Vanadium 76 38-134
Fluorine 114 98-130
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6. Coal Preparation and Consumer Requirements

6.1 Coal Preparation Methods

37 of the total output of U.K. coal is subjected to some form of
mechanical cleaning process which in general, and with the principal exception
of froth flotation, will rely upon specific gravity differences to separate
coal from incombustible and inferior materials. The percentages of the total
tonnage of prepared coal treated by the various techniques are shown below and
brief descriptions of these techniques are given in Appendix V:

%

Water-Medium:

Jigs 61.8

Hydrocyclones 0.3

Concentrating Tables 0.3
Dense-Medium:

Baths 22.0

Cyclones 6.1
Froth Flotation 7.1
Others 2.h4

6.2 Of the three main pollutants dealt with in this study, sulphur dioxide

is the most directly influenced by the preparation process. This is due to the
high specific gravity of iron pyrites (5.0 approx.), as compared with clean coal
(1.4 approx.) and shale (2.4 approx.).

6.3 The scope for sulphur removal

Sulphur occurs in British coals in two main forms:

(a) organic sulphur, and
(b) pyritic sulphur.

There may in addition be much smaller gquantities present in the form of
sulphates, but these will not be considered.

6okt The organic sulphur content of British coals ranges from 0.4 to 1.5%
with a mean of 0.8% (air-dried basis). This sulphur is an integral part of the
coal matrix and cannot be removed by physical means.

6.5 Pyritic sulphur, comprising the balance of the sulphur content, averages
O.7% in British coals and ranges from 0.2% to more than 2.0% in exceptional cases.
Sulphur in this form can be reduced by conventional specific gravity based coal
preparation techniques, to an extent which is determined by the size of the
pyritic particles in relation to the size of the coal particles being treated.
Clearly the separation of pyrites can only be 2ffected when the coal is of a

size at which the pyritic particles are liberated.

6.6 The proportion of pyrites removed will depend upon the extent to which it
is disseminated throughout the coal but in some instances - usually where coal is
prepared for the coking market - a significantly higher proportion, perhaps up to
S0% in total, can be removed by washing at a lower specific gravity than usual.
This is accompanied by the production of a high sulphur middlings product which

is/
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is sold for power generation. The sale of the middlings is an essential feature
of this technique, since to discard them would render the process uneconomic,
There would in addition be severe difficulties in disvosing of them as a refuse
due to the likelihood of the spontaneous combustion of the discarded material,
The following example.is typical of the sort of addifional sulphur removal which
is obtainable by low-gravity washing.

Input: 100 tonnes coal floating at 1.6 S.G., 1.50% S
Output: (a) 85 tonnes coal floating at 1.4 S.G., 1.35% S
plus (b) 15 tonnes middlings l.4 to 1.6 S.G. 2.3%% S
6.7 Further removal of pyrites could be effacted to some extent by crushing

the coal to minus 0.5 mm and separating on concentrating tables. This process
results in a coal product in the form of a fine slurry for which there is no
market at present. Moisture content and handleability are vitally important
considerations in all sectors of the market and the proportion of fine coal
currently incorporated into washed and blended smalls is already arproaching
the limit of acceptability. This fine coal comes in part from froth flotation
plant which is widely used for water clarification and fine coal recovery. The
application of this process to sulphur removal involves the use of selective
depressants, and its effectiveness is being investigated. t should be noted
that all these fine coal processes are associated with a thermal loss wnich may
be as much as 20% of the heat content of the coal before ireatment.

6.8 In addition to these processes, there are a number of chemical technigues,
some of which claim to have an effect on the organic sulghur in addition to the
pyritic component. None of them have yet been put to cormercial use, and
preliminary estimates suggest that they would result in approximately a doubling
of the cost of the raw coal,

€.9 The costs of the principal conventional c¢oal preparation techniques may be
summarised as follews:

Baum Jigs: £1.00 per tonne input
Dense Medium: £1.20 - £1.30 per tonne input
Froth Flotation: Up to £3.00 per tonne input depending

on method of tailings disposal.

These costs, based on December 1976, are for recently commissioned plant
and include interest and depreciation charges at 15%.

6.10 The feasibility and economics of sulphur reduction by the various coal
preparation processes and the effects of these processes on the availability
and acceptability of the products to the customers will be further considered
in Part II of this study.
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7. Principal Legislation relating to Air Pollution in the United Kingdom

7.1 The control of atmospheric pollution in Great Britain is effected
principally by the Alkali etc. Works Regulation Act 1906 and the Clean Air
Acts 1956 and 1968. The Public Health Act 1936, and the Control of

Pollution and Health and Safety at Work etc. Acts 1974 also contain provisions
dealing with the matter. There are similar provisions for Northern Ireland,
but they are not all identical with those for Great Britain.

7.2 Alkali etc. Works Regulation Act 1906

This Act applies to works in a large number of classes listed in a
Schedule to the Act, including power stations, coke ovens, chemical process
plant and cement works. Additions to the classes may be made by Regulations
under the Health and Safety at Work etc. Act 1974. Works to which the 1906
Act applies may not operate unless they are registered and the best practicable
means employed to prevent the escape of noxious or offensive gases from them
into the atmosphere. Registration is for one year at a time and may be refused
if the works do not comply with the above requirement.

7.3 For the purposes of the 1906 Act ''gases" includes smoke, grit and dust.
A large number of particular gases is specified in a list in the Act as
noxious or offensive. Some may contain liquid in the form of droplets.
Additions to the list may be made by order of the Secretary of State.

7.4 Clean Air Acts 1956 and 1968

The principal provisions of the Clean Air Acts 1956 and 1968 are those
that:-

(a) prohibit the emission of dark smoke,

(b) permit the establishment of smoke control areas in which
the emission of any smoke is controlled,

(c) restrict the emission of grit and dust from chimneys,
(d) provide for the measurement of grit and dust from chimneys, and

(e) require chimneys serving furnaces to be of a height approved
by the local authority.

7.5 Some of the provisions of the Acts apply only to furnaces used to
burn: -

(a) pulverised fuel, or

(b) any other solid matter at a rate of 100 lbs an hour or
more, or

(c) any liquid or gas at a rate equivalent to 1/m Btus an
hour or more.

These furnaces are referred to in the following paragraphs as 'large furnaces'.

The Acts do not apply to works that are subject to the 1906 Act unless, in an
exceptional case, the Secretary of State provides for them to do so.

/Dark Smoke
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The emission of dark smoke from the chimneys of buildings, chimneys
serving the furnaces of boilers and industrial plant on land but not in
buildings, or otherwise from industrial or trade premises, is prohibited
except in certain classes of case prescribed by Regulations; these =xceptions
provide for lighting-up, soot-blowing, break-down etc.

7.7 Smoke Control Areas

A local authority may make a Smoke Control Order declaring the whole or
part of their district to be a smoke control area and the Secretary of State
may require them to make such an Order. The confirmation of the Secretary of
State is required for any Order. The occupier of a building in such an area
commits an offence if smoke is emitted from the chimney of the building unless
the smoke is caused by the use of fuel declared by Regulations to be an
authorised fuel. The Secretary of State may, however, exempt on such condi-
tions as he may prescribe, fireplaces he is satisfied can be used for burning
other fuels without producing any substantial quantity of smoke.

‘7.8 Grit and Dust

Large furnaces installed on or after 1st October, 1969, are required to
be provided with plant approved by the local authority to arrest grit and
dust unless an exemption is granted on the.grounds that there will be no
emission of grit and dust that will be prejudicial to health or a nuisance.
The same applied to furnaces installed on or after 1st January 1958 which
burned pulverised fuel or, at the rate of one ton per hour or more, solid
fuel in any cther form, or solid waste.

7.9 The local authority may also require provision to be made for grit and
dust from large furnaces to be measured, and for measurements to be taken and
recorded, but if the furnace is used to burn solid matter at a raté less than
1 ton an hour, or gas or a liquid at a rate less than 28m Btus an hour, the
occupier of the building may require the local authority to make the measure-
ments and keep the records.

7.10 Regulations may prescribe limits on the rate of emission of grit and
dust from the chimneys of furnaces other than those designed solely or mainly
for domestic purposes and used for heating boilers with outputs of less than
55,000 Btus an hour. The Clean Air (Emission of Grit and Dust from Furnaces)
Regulations 1971 and corresponding Regulations for Scotland have been made for
this purpose in relation to certain classes of furnace.

7.11 Chimney Heights

Since 1st January 1957, if a new chimney is erected to serve a
large furnace, or the combustion space of a large furnace is increased, or a
new large furnace is installed to replace a furnace with a similar combustion
space, the chimney serving the furnace must, subject to certain exemptions,
be of a height approved by the local authority. The height may not be approved
for these purposes unless the authority are satisfied that it will be sufficient
to prevent so far as is practicable, the smoke, grit, dust, gases or fumes from
the chimney becoming prejudicial to health or a nuisance, having regard to:-

(a)  the purpose of the chimney,
(b)  the position and descriptions of the buildings near it,
(c) the levels of the neighbouring ground, and

(d) any other matters requiring consideration in the circumstances.
/Similar
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Similar requirements have applied since 1st April 1969 to the height of other
chimneys serving buildings used as residences, shops or offices.

7.12 Control of Pollution Act 1974

The Control of Pollution Act 1974 contains provisions -

(a) to permit Regulations to impose requirements as to the
composition of motor fuel and the sulphur content of o0il fuel,

(b) to prohibit the burning of insulation from cables to recover
metal from them except at works registered under the Alkali etc.
Works Regulation Act 1906, and

(c) to permit local authorities:-

(i) to undertake research relevant to the problem of
air pollution,

(ii)  to publish the results, and

(iii) to require the occupiers of premises other than
private dwellings to provide information about the
emission of pollutants into the air.

7.13 Under (a) above the 0il Fuel (Sulphur Content of Gas 0il) Regulations
1976, which were passed in order to implement E.E.C. Directive 75/716/EEC on
the sulphur content of gas oil, prescribe 0.8% as the limit for gas oil until
the 1st October, 1980, and 0.5% as the limit thereafter, but there are some
exceptions, e.g. for power stations. Other Regulations have been made relating
to motor fuel.

7.14 Under (c) the Control of Atmospheric Pollution (Research and Publicity)
Regulations 1977 have been made to govern local authorities in the exercise

of their powers. Local authorities using these powers must consult represen-
tatives of industry and persons conversant with problems of air pollution or
having an interest in local amenity at least twice a year about the way in
which they exercise their powers and the extent to which information collected
should be made available to the public.

7.15 Miscellaneous

Under the Public Health Act 1936 the local authority may take
proceedings to abate statutory nuisances, and such proceedings may be taken in
respect of smoke that is a nuisance to the inhabitants of the neighbourhood
other than smoke from the chimney of a private dwelling or dark smoke of which
the emission is otherwise prohibited (see paragraph 6.6 above).

7.16 The Health and Safety at Work etc. Acts 1974 requires employers
and self-employed persons to carry on their undertakings in such a way as to
ensure, so far as is reasonably practicable, that persons not in their
employment but who may be affected thereby are not thereby exposed to other
risks to their health and safety. This could apply to risks resulting from
atmospheric pollution.

7.17 Apart from Acts of Parliament, the occupier of premises whose
enjoyment of them is materially injured by smoke from other premises may have
a right of action for Nuisance at Common Law and be able to obtain an injunc-
tion to restrain the nuisance or damages.
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. Conclusions

3.1 This part of the study has been concerned with present and future patterns
of ccal production and consumption and the effect of these upon possible future
levels of pollutant emissions.

8.2 Of the three major pollutants considered, sulphur dioxide is the most dependent
upon future changes in coal quality. The information available on this

suggests that the average sulphur content of 3ritish coal is unlikely to change
significantly before the year 2C00. There is also no indication that there will

ce any significant change beyond this period.

8.3 In estimating the levels of pollutant emissions, no account has been taken
of the effect of possible technical or legislative changes, with the following
exceptions:

(a) It has been assumed that additional industrial coal-burning capacity
will be new plants operating with significantly lower levels of
emissions than those obtained with older equipment.

(o)  Allowance has been made for the progressive implementation of
existing legislation in respect of domestic smoke control.

3.4 In making these projections of pollutant emissions at high, medium and

low level, it nas become clear from the work undertaken for this part of the
study that the quality of coal reserves is not likely to be a significant factor.
The important considerations have been:

(a) the estimated future total production tonnage, and
(o) the estimated market breakdown of these tonnages.

8.5 These tonnages and market breakdowns are subject to a substantial degree

of uncertainty, particularly for the more distant projections. Using mean
tonnages taken from the ranges proposed in "Coal for the Future', the study
indicates a proportional increase in the emission of pollutants at high level,
accompanied by substantial reductions in low-level emissions. The forecast
increase in overall SO2 emissions from coal are a consequence of the projected
increase in coal usage. Some of this increased tonnage will be in replacement of
imported oil. No attempt has been made to assess the future SO emissions from
0il but it should be noted that estimates of SO2 emissions from coal and fuel oil
(the alternative fuel in the major markets) made by the Department of Industry's
Warren Spring laboratory, suggest that on a thermal equivalent basis fuel oil
produces approximately 40% mocre SOp emission than coal (see, for example,
reference 4),

[ ]
8.6 In general, it may e concluded that changes in patterns of fuel usage,
which have been the major factor in securing the environmental improvements seen
in the U.K. during the last 20 years, will continue to be the primary influence
in determining future ground level concentrations of the pollutants considered in
this study. Indications are that these trends will be such as to ensure that the
progressive reduction in ground-level concentrations observed since 1956 will
continue for the foreseeable future.

8.7 The significance of such developments as fuel desulphurisation, flue gas
washing, or fluidised-bed combustion and their likely environmental impact will
be among the considerations dealt with in Part II of this study.

U

References/
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APPENDIX I

THE DETERMINATION OF AVERAGE GROUND LEVEL
CONCENTRATIONS OF SMOKE AND SULPHUR DIOXIDE
BY THE WARREN SPRING LABORATORY. (1)

The total number of sites in the National Survey of Air Pollution, a
co-operative survey co-ordinated by the Warren Spring Laboratory (WSL), is
about 1200. Of these some have been installed by local and other authorities
in response to their own needs for information, whereas others were set up, at
the request of WSL, to provide, in conjunction with existing sites, a compre-
hensive U.K. survey which takes account of population, population density,
domestic heating habits, industrial and other activities, etc. Each site is
classified according to the National Survey Site Classification system (2)
and over 1000 of the sites are classified as being urban (town) sites.

There is a small variation from year to year in the total number of sites
available as readings are started at some new sites and ceased at others. The
number of sites producing valid monthly or seasonal averages in any particular
period is also variable, due to operational difficulties, and is normally lower
than the total; typically approximately 75% of the total.

In order to calculate meaningful National Average concentrations for urban
areas (over 80% of the U.K. population live in such areas) the following method
was adopted:-

(1) The annual tables of smoke and sulphur dioxide were examined for the
most recent pair of consecutive years and those sites in urban areas picked out
for which annual averages were available for both years (typically there are
500-550 such sites for any given pair of years).

(ii) The overall average for those sites for each of those two years was
then calculated, and the difference between them was taken to represent a
generally valid difference in concentrations over the whole country between
those two years.

(iii) The process was then repeated for each pair of consecutive years and
in this way increases or decreases from one year to the next were calculated.

(iv) It was assumed that the pair of years with the most sites would give
average values more representative of the true overall National Average than the
others. Starting with the values for this pair of years, and using percentage
decreases or increases found for other pairs of years, a trend line was drawn
covering the whole span of years.

It is reasoned that although the average concentration determined for any
one year varies with the number of sites used, the large number of sites involved
ensured that these variations are small - only a matter of a few microgrammes
per cubic metre. )

References:- 1. National Survey of Air Pollution 1961-71, Warren Spring
Laboratory, 1972.

2. The Investigation of Air Pollution. Directory - Sites used
from the beginning of the Cooperative Investigation, Warren
Spring Laboratory.

3. Regions used by the Registrar General for statistical purposes.






— 25 —

APPENDIX II

PRODUCTION SIDE

GRADE AND MARKET DISPOSALS

1975/76

Grade Classification

1. Large Coal

Coal which will pass over a screen of stated size (normally 50mm)
but which has no upper size limit.

2. Graded Coal

Coal screened between specified ranges of sizes (normally not
more than 50mm and not less than 12.5mm).

3. Carbonisation Washed Smalls

Coal with a specified upper size limit (normally below 50mm) and
no lower size limit prepared for the coking market - normally coal of
Rank 200 - 600 with ash content 5-8%.

4. Industrial Washed Smalls

Coal with a specified upper size limit (normally below 50mm) and
no lower size limit prepared for the industrial market - normally coal
of Rank 700-900 with ash content 6-10%.

5. Untreated Smalls

Untreated coal with a specified upper size limit (normally below
50mm) and no lower size limit - normally for power station usage.

6. Blended Smalls

A blend of Untreated and wWashed Smalls.

7. Slurrx

Fine particles (normally below lmm) recovered from coal preparation,
normally containing a substantial proportion of inerts.
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MAIN MARKET DISPOSALS WITH RELATED ANALYTICAL DATA

1975/76



_ 44 —

€2°0 oL 026462 0°gy A 2 gL Lot Gzz 6Ll 1830], 180D TIV

20°0 L9°L 07042 4724 292 26 6°LL 260°'Q 18303 3seouadp
90°0 G6°0 ogH* Le 9°03 2°9 (944 L*g yLte soTepM yanog
40°0 48°L 062t 42 9°¢Ch 0°L¢ 9°0L Q°qL 166 L SPUETPTH
9L°0 oLz ozy'le gl 9° L% '8°6 g*oL 198 wroysap
£0°0 G6°L 09492 €05 ¢ 6z oL L0l 0921 JITYSIHIOK
20°0 5L 096' 62 0°2¢ 2762 1°g #°0L ochtL uIay3JoN
- 60°L oLt 2 2°2Y 6°L2 6°2L 122 Chiy YST37098

uot8ay Suilyddng - jswouadp

#2°0 65°L 058462 m.m: QL2 G°¢L Lot FrARAAN) T30 pautp-doaq
2070 46°0 044'62 £°89 a1 g6 L°g 294'Q soTeM yjnog
92°0 2hL 004 42 Yy H°62 (244} YARAS 2ih e SpuUSTPIH
h°0 6971 06662 4oy L°0¢ H°2L 9°0L ciLiiL uxojsopm
Z2°0 S9°L 005°92 9Ly 262 LocL 6 £¢6'0z BITYSHIOX
gL°0 et 09t 92 8°ln 762 g°eL 0°oL 929 4L wrayjaoN
2L o 6570 0gs'¢e 6°¢H LoHe 6°LL Lyl LiLéLL ys133005

ocﬁmrﬁnc as:mﬁzm .Hmmxmmuo :oaumw °d mﬁﬂmrﬁo> :m< unsmmwoz smmm«
(Ten32y) sTsATeuUy [eOTUYOS] ) JIag §21U0y, uotdey Juphrddng - pauyj-deeq
s3axdel TI® 'T1¥10]
wlh% SUOTIdY Sares TV

VIVA TVOILATVNY QALYTTE HILIA STYSOdSIA IIUVW NIVH

dJIS NOLLJIWNSNOD



— 45 —

¢z°0 (RN oloty2 6°¢y L2 L*/L 6°L1L oGL ¢l 18305 ST®0D TV

90°0 947 L 0g¢ 62 LGy 6°62 7°0L 0"yt 8994 Te303 3sesuadp
- - - - - 0°2L g 9 2t 83TeM Yjnog
£0°0 88°L oztye 9°¢4 0°1¢ 9°0L SAT HO6 L SpuerpPTH
9L*0 ¢inL 06492 29y KLe L6 IASAN 06% uzeylsoN
£#0°0 00°e 00¢ ‘92 9°64 2°62 o TN 2oL 296 OITYSHIOK
g80°0 5L osetge 9°9y L 0¢ %°Q 6°2L 068 uJaygION
- LLeL 029'gL 2°9¢ 9°1L2 gyl 2742 So0¢ ys133008

uot8ay Surhyddng - gseouadp

®2°0 6h°L 046°¢z e 6°92 Gl g2 Ll 22599 Tejo], peuty-deaq
G0°0 9n°L onstoz 4°L9 9°zL 1°91 €6 #96°L geTeM yjnog
#2°0 64°L omm.mm 22y g2 <9l L°¢L 900*¢2 SPUBTPIH
€4°0 8L ocHye 8°%H L°62 ¢ 6L g°LL 065G* 4 uxo}saM
20 (VAN ond*He 8 44 YAYF g 4L FALS ¢zztoe SATYSHIOK
gL o 09°L Ot 42 9°¢y L g2 ¢°glL 0°oL R A UI3Y3ION
oL°0 96°0 0%6* L2 9Ly g*Le L2 2°61L elh'g YsT13309s

% % /09 % % % % 000
SUTJIOTYD anydyng *TepA °Te) | uoquw) °J STTIBTI0A ysy aan3sTol wnuuy uotdey Surhrddng - pauty-deaq
(Ten3oy) sTsATsuy TedTuUyos] Jad seuuo],
suo13els JoMog
§ SuoTday gares v

YIvYa TYDIIXTVNY AQILVIZY HLIA STVSOdSIA LIMYVH NIVH

daIS NOILJWNSNOD



— 46 —

6L 0 GLoL oLtog 9°96 0°g2 0°9 4°6 99h* L Te30] ST®0) TIV

G0°0 PARIY 02t¢e 6719 7792 9L L 919 Te30], 3seousdo
G0°0 0z i oLs'62 2°Le €9 9°4 6°9. iy §3TBM Yyanog
- - - - - - - - SPUBTPTH
- - - - - - - - uxaj}saM
40°0 941 0£8°¢2 r.mw 9°62 679 '8 S SXTUSHIOLK
90°0 2L oyy'ee 8719 G'9z . 9% L4 6L uIoyqIoN
- $9°0 09562 1°2% 0'¢¢ ~0°¢ 9°6 L usT13008

uotfey SBurftddng - 3swouadp

6L°0 GLL 0oL *0g 4°94 0°g2 6°< 7°6 058 9L 1830y pauti-deaq
Q0°0 49°0 0Lt 0z 0°Q9 9L 0°4 2°g Gh6'¢ goTeM Yjnog
H€°0 gL 092462 2°2s 0°2¢ 0°9 86 662°L SPUeTPTH
2¢°0 GzL on6'62 LS L°Lg 1°9 l°9 06 uxejsapy
0z2°0 161 ogL'og 214 (247 9°¢ 46 [1YAL9 8ITYSHIOX
12°o (A} ozLtog 84S 662 1°g 2 oL 8Lty uxoy3ION
HL*O €9°0 0gstge ¢*1s 2°0¢ AP o°LL G0Q Ys133008

% % /0K % % % % 0004
SUTIOTYD Janydng- *Tep *T1B) uoqae) °*J 9T TIVIOA ysy aan31sSToON wauuy uotdey Suirftddng - psuyy-~deeq

(Ten3oy) sysAteuy TeITUYDIDJ

Jad sauuo],

9L61/aLET

VLVd TVOLLATYNY QHLVIEY HIIM STVSOdSId IAMUVH NIVH

JaIS NOILJIWNSNOD

UoT]BSTUOqQIE)

suotdoy gates v



— 47 -

62°0 L 099" 92 2734 ¢ o8 9°6 <L L5021 Tejol sTe0d TIV

60°0 66°L 096°g2 028 6°G% 56 9°a 096 Te30] 3swouadp
L0°0 G600 000'2¢ 2 [N 9°9 64 gLl saTEM Y3nog
70°0 6L 0£5 w2 0°GYy 8762 H°0L 94l on SPUETPTH
GL°0 a6z 094, g2 66y 6°1¢ oLy 8°9 692 uzejsepn
$0°0 64°L 099* L2 s 467 6°L 0°oL L2 e8I TYSHIOX
£0°0 oL 095 1% H°06 0°¢g2 46 2°9 H9L uxsy3IoN
- oL°L 06942 29y 0°ge °0L ReGL 98 Ys133008

. uot8ay Sutf1ddng - 3sesuedp

92°0 9c° L 00492 ¢ gy 1°0% 96 AN L20% LL  Te3og, psuti-dasg
G0°0 00°L 0962 #1789 FAST Q76 L4 29¢ S9TeM Yjnog
gz 0 gz L oLo*9z 8794 97 0% 16 0°¢L costs SPUBTPTH
oy - 96°L ooLtge 9°06 L°Lg (9] 8°6 6521 ux9jsopm
2¢°0 G9°L 054 g2 G2s 9°2¢ 8°9 L6 LG4 SITYSMIOK
2L°0 g99°L 0106z Gy 6°g2 6°4L YA gcltL UIAT}ION
4100 140 00g* 242 664 FANRY 8°s 9°2L 248 yst13300g

wnﬂmoﬁso nssmﬂsm .Humxmﬁuo :onnmo °d euﬂmrao> :m< mnzmmwoz smmm«
(Tenjoy) stelleuy [edOTUYR] Jad gauuoy], uotdey Zutkrddng - pautk-deaq
*OST pue AJdjisnpuil
wgﬁu suotday sores 1

VIvd TVOLLATVNY QHLYIEY HLIM STVSOdSIA JIAMHVH NIVH

FAIS NOILJIWNSNOD



_ 48 —

920 0zl 020°0¢ 244 G632 ALY 9°Q 24641 Te3o0] s{eod TIY

90°0 680 049 1L¢ H°Lg Gl ¢y 09 668 Te305 3swouado
00 248°0 04414 27eq Q9 Ly 6°9 ong soTeM yjnog
- - - - - - - - SpUeTPTH
2L o 9L 03624 €95 0*H¢ Ly 9°G L WIB]SaM
®0"0 60°¢ 0zdt¢e 9°¢g cog L9 0°6 oL aITYSHIOK
- - - - - - - - UIDYJION
- #6°0 043'0¢ 8"l oL 0°9 84 84 ysT31300g

uot3ay SurLyddng - 3seousdp

62°0 ez L oL6462 mwwm 0°LE 8" H 4°g 340411 Te105 pouti-doaq
L0°0 26°0 069*¢2¢ 1764 0Ll 8y L°g HwsLte gaTeM yjnos
L%*0 92y 09¢* gz 014 0°¢¢ L*g 6°0L £94%% SPUBTPTH
LG°0 R 060 0¢ ¢S 2 g AL FARA (4444} uzejsop
9¢°0 6C°L 06¢*0¢ L°HS 14 ¢y 2°g g62'¢ 9ITYSHIOK
9L°0 LeL 0£0°L¢ 8°¢G (94714 w1y ¢4 it uIsyjIoN
QL0 %4°0 oLy'6e 9°1Ls 0°4¢ 2°s 26 2¢0'L ysT3300g

% % /% % % % % 0004
SUTJIOTYD anydng °Tep ‘TED | uoqiu aTT3eIoN usy 8JIn3sYoH umuuy uoySoy Sutkrddng - pautn-deaq
(Ten3dy) stsATeuy TeOTUYDD], J394 sauuoy,
§°d°d W pue S13sewod
9261/6L6T Suotday SoT1es v

vavd TYOTIATVNY GIIVITY HIIA STYSOdSIA JIEMUVW NIVH

JdIs NOILJWASNOD



_ 49 —

0%1°0 Lo*L 066462 $°99 ¢rlL £%9 66 656°L T830L T80 TIV

14070 60°L onstog H°69 2yl %9 0°0L (4143 12305, 3seouadp
690°0 g0 099°0¢ QL 6°9 2°s Lot 494, seT8M ynog
- - - - - - - - SPUETPIN
- - - - = - - - ulejsap
- - - - - - - - aXTyYsHIox
G600 19°L 02862 ¢ zs r.wm 6°8 L6 G9L UIoy3q.I0N
- G2t 0o0dtzz 02y cr g2 FAIN 0°3L 4 yST33095

uot3ey Sutfyddng - gswouadp

02°0 HOL 06462 L°¢9 0°L2 2°9 PALS 709 Tejo] pauty-desq
G0°0 9970 05z'62 Syl ¢l 2L 0°LL e goTeM yanog
7%°0 801 042%92 w8y G 1g 879 g2l 9oL SpUeTPTH
45°0 2L 0944 0¢ 2°6s 9°¢¢ 0°9 26 12 e EVEET
0£°0 ccL 0gctLe 49 S He 0°% L9 2oL SITYSNAOK
6L°0 L 062*LE 6746 jeid 44 8% G*9 L UJIaY3ION
92°0 G660 oy ‘6z §°2s 14 6y 26 e yst3309g

mzﬂmﬂnzo hzzmﬁzm ..ﬁwwa.hn.uo :onuMo 1 mﬂnwﬁ”o\' :W< o.:._mmao: Ewmco«
- (Ton3oy) StskTeuy [eoTuyoey, ) Iag seuuoy uoySey Futhrddng - poutn-dseq
spJo0dxa *OUT sjesaew I8ylQ
w% suoTdsy sares v

VIVQ TVOLLAIVNY QALVIZY HLIM STVS0dSIA LIMHVH NIVH

AdIS NOILWNSNOD



— B0 -

2L°0 29°0 009*¢z Lo 042 VAFAY 2yt 9hhLL 18305 STe0d TV
oL*0 oLt oggte Ly g°12 6°2L 222 Chy Tejo 3seouadp
90°0 16°0 090'¢¢ 6°4Q 0°¢L 6°¢ 2 Ll seTeN Yyjnog
. SPUBTPTH
9L°0 29'g owgtog 0°LS 6°L¢ -g°0L €°9 9 uzajsapm
SITYSHIOL
UJIaY3ION -
- 60°L o602 02y o-22 LSt 6°22 L2y yst3300g
uot8ay SugLrddng ~ 3seouadp
2L0 09°0 069*¢2 1 hy L*he 6°L1L 6°CL £00*LL Te30] pautH-deaq
G600 oLy oLg*es 429 ¢°g LG 6°¢ cL 88TeM Ynog
SPUSTPTW
uxo3soM
2£°0 gL L ohGtLE L7949 LHe L°h AL wiL SITYSHIOL
2L°0 ¢ L ogLtog 6°05 Q°&¢ 29 6% 812 UJ9Y3.I0N
Lo 85°0 oly'¢ce 8°¢h g°¢e € gL Loyl 865 oL 4st3300g
mc,_“w“oa:c ,::_mmq ng .a_..owu_\.\_ﬂ.uo :ognmu °d mﬂumﬂno A :m< wa:w«w.ﬁo: Emwmo
H g [Tona5v) SToKTony TooTEseT L 1og seuuoy uotday Jurhyddng - paury-dooq
sjaygew TTe ‘Tevi0l
mmﬂml.m.\wwwﬂ uotdey sares YsT31098%

¥YIva TVOILXTVNY QILVIT HIIA STYSOdSIA JAMUYH NIVH

FJIS NOILAWNSNOD



oL°0 9%°0 oLg* e Loy 0°L2 2eez L°GL ety Te305, STe0d TIV

- oL’y me.m_\ _\wwm Qo_\N mo.:_\ J.BN QQN Te303 &mmo—n@nmo

saTEM UINog

SpUBTPTH

uJ21S9M

BITYSHIOL

uJayjIoN

- oL°L 06t gL L°9¢ 9°L2 641 A4 362 Yys133008

uot3ay SupLyddng - 3swouadp

oL°o #6°0 () ARV Ly o°Le ywee 2°GL SH6' L Te30] pout-dasq

gaTeM Yyjnog

— 51 —

SPUBTPTH
uxegsap
' 2aTYSHJIOK
uxay}IoN
oL*o #5°0 0gltLe 1LY 0°Le w°ee 2°sL GH6' L YsT3j008
ecaWoasc h:swasm .Hmmxwmuu :onumo °d mﬁamrﬂo> | :Mf mnsmraoz Ewmmo
(Ten3yoy) sisfteuy Hwoﬁ::oma ) Jo04 seuuoy uotdey Surrddng - pauri-desq

SUOT3e3S JI9MOJ

961 /5261 uoTday soTeS yST11008
VIVA TVOIIATYNY QALVIZY HLIM SIVSOdSIQ IEMHVH NIVH
FALS NOILJHNSNOD




- B2 —

HL*0 £9°0 0g95* g2 €14 zTos 6L o°LL 208 1e30], sTe0D TTV
- 69°0 096462 K°2s 0°¢¢ 0°g 9°6 L Te30] 3sesuadp
sefep Yjnog
SPUBTPTH
uxajsopm
8ITYSHIOK
uIayjJIoN
- G9°0 096462 nes 0°¢s 0°8 9°6 L Yst3300g
- uotday BurLrddng - gseouadg
7170 ¢9°0 036 g2 LS 2°0¢ [ o°LL 908 Tet05 pouti-desg
2070 63°0 092 0% 7°L9 $°22 2°g 0°g l gateM Yjnog
SPUBTPTH
uasjlsapm
aJ1YsSIIOL
URELER GTY]
HL°O £9°0 045 gz ¢°Ls 2°0¢ Gl o°LL qoQ ys133009
% % 9/ 0% % % % % 000s
[UTIOTYD anyding *Tepr *1ed uoqaed °*J 9TT38[0A ysy aanj}sSTol unuuy uotday Sutdrddng - psuty-doaq
(Tenjoy) steshTeuy TeOTUYDIL Ja9d sauuQy,
uot}eSTUOqIR)
961/5L6T uoyday sores YsT47098

VIVQ TVOILATVNY QILVIAY HLIM SIVSOdSIA IEMEVH NIVH

ddIS NOILJWASNOD



— 63 —

9L°0 2g°o 064t e 46q 9°1¢ [90) 2z 986 Te303 STe0) TIV
#7L°0 oLt owztez Gy Lo Lz 2oL 941 66 Tejol gsesusdp
0L°0 $g°0 on6ee 1728 QL n4 ALY 4 S9TBM Y3nog
SPUETPTH
9L°0 29°2 oLz*og 0°16 671 ‘8oL ¢*9 4 uze3soM
SITYSHIOK
uxay3JIoN
- oL°L 069" 42 29y 0°ge H°0L H°G6L 9% 1S133008
uotday Jurditddng - 3swousdp
9L°0 84°0 020*ge 0°0% 0°2¢ L9 6°LL €63 Tejor, pout-dasq
saTeM yjnog
SPUBTPTH
uxejsap
QI TYSHIOK
2L°0 gh°L os2tee ¢ 6y (42719 8°g 9°/ LoL UI9Y3.I0N
LL°0 69°0 098*42 1°0% LoLg A4 G*2L 26l yst33008
m:ﬁMOHzU &:anzm .HmwaM“u :oauMo °d maa%ﬂao> :W< oh:Mwﬂoz Emmm«
- (Tenaov) stekieuy Hmoaczome zog souuog, | uotr8ay Suilrddng ~ paurn=desq
*osTl 3 L1jasnpur
9261/6L6T :o«wmm gates S 113005

VLva TVOILATVNY AEIVIHY HIIM STVSOdSIA IANYVH NIVHW

UJIS NOLLJAWASNOOD



~ 54 —

61L°0 £€9°0 02gt62 ad19 L°¢¢ 0°G 9°9 cacL 1e30L 180D TIV
G0°0 46°0 ogLt Lg 2°QL 6°0L AL AL 9% Tej0] 3seousd
G0°0 ¢6°0 001°¢¢ L°98 9°9 VALY 9°% P soTBM Y3Inog
SPUETPTH
uxajsop
SITYSHIOX
uJIay3IoN
- 160 0lgo¢ 8Ll noLL 0°9 Q4 6< ys133008
uotday Surltddng - gsesuadp
61L°0 £€g°0 044462 m..mm 6°¢¢ 0°6 9°8 /440 Te30l, pauti-dasq
G60°0 (A} 066°2¢ 8°¢Q 9°¢ 64 9°¢ 2L saTBM Yjnog
SPUSTPTH
uxejsap
l5°0 gL L oHGi LS 1°9¢ LHE L*H L°s 7L aaTysSNI0L
2L°0 62°1L 068 0¢ ¢°2g 9°6¢ 0% ] 6LL uIOYYION
8L°0 H4.°0 oz4'62 9°L§ 04§ 2°s 26 2¢0L ys13300g
mcﬁmo.n:u .nz:m._nsm .waxmﬂuo :on&Mo *d o.:.%mqo> :M< um:Mmﬁoz Emonwv
(Ten3joy) stsdreuy peoTuyos] . - J9d Sauuoy], vordey Surkrddng - peuti-desq
SAIH *ouT dT3sawoq
9261/5L6T uotdey sates YS 133095

VLVA TYOILATVNY QILVIMY HIIM STVSOdSIQ LMV NIVH
Jars NOILJIWNSNOD




— 65 —

9c°0 29°0 054' g2 718 6°2¢ 9°G ' L°oL e 1e30], STeoD TIY
- G2y 00l*2zz 0°2y ¢oqe 4oL 0°gL ¢ 1e30] 3sesuadg
S3TBM Yjnog
SPUETPTH
uxa4soM
SITYSHIOX
UIaY3ION
- L 00L%22 02y ¢ g2 JANY 0°gL ¢ Ys13300%
uotdoy SBuiLtddng - g3swouadg
920 §60 oy ‘62 Ges "°€C 6% 2°6 w2 Tej05 pautp-~dasq
soTeM yjnog
SPUBTPTH
(& EXEET
axtTysIOX
uIay3JIoN
9¢°0 5570 Oy 62 g25 g 6% 26 e USTI3008
o:aWoa:o pasmw:m .HmwaM“o :onpmw °d mﬁwmrﬁo> :W< ohzwmdoz smmmo
(Ten3oV) Stedreuy [eoTuqosy, - 1ag seuuog | uotdoy Jurhyddng - peutH-desq
sqaodxs °*our sjoyIew I9YL0
W.NW_”.NWMO.J uoTday sares YST33005

VIVQ TYOLLKTYNV dILVITY HLIA STVSOdSIA IEMYYH NIVH
FJIS NOILAWNSNOOD




— 56 —

91°0 Lett oev‘Le G'6Y 6°82 91t 0° 0l 0%e“ L1 18301 ST®0D TTV

L0°0 1671 ovg8‘6e Lres 0°6Z '8 6°6 8L Te30] 3sesusdo
¥0°0 86°0 010°¢¢ £°98 2'9 G ¢ 0¥ 4 B3TEA Yy3inog
SPUETPTH
uxejsopM
t0°0 08°1 owm.mm 8° 96 9°0% 6 6 Lt L g SITYSHIOK
Lo*o 161 0¢8‘62 6" es 1°62 6’8 6°6 LLL UIay3JoN
ysT33008

uotday Sutdyddng - gseouadp

9L°0 9¢° 1 ose‘le Al Y4 6°82 6"t 0°0l S¥sol Tel0] pauti-dasq
¥0°0 ¥8°0 ov6°0g L°89 €91 1°9 6°8 062 gateM yjnog
1 AK0] 120" 08¢62 0° ¢S 9° 1€ e 0°01 i SPUBTPTH
uxsysom
9¢°0 11} o8l‘og Lo ¢S 0°2e 2°4 1°6 214 whﬂ:m,v_ho»
L1°0 8L 1 ovi‘le L 8¥ 2 62 1°cl 0*o¢ 90201 uJayy.IoN
YsT33008

onﬂmwaso n::mw:m .waxwmuo :onpmo °d oﬂnmrﬁo> sM« vnsmwaoz Emmw«

(Ten3oy) stsiTeuy Hwo..n:.:ow.m_ - Jad mwﬂnma + uordey Suthyddng - peur-desaq

sjerew 1% ;,Soa

mmwmumwmm uotday sotes WI8YJION

YIVA TVOILXIVNY QEdLVIEY HLIA STVSOdSId THEMEVH NIVH

HAIS NOILAWNSNOD



ci o 6a° oLg‘ve 1947 8° L2 9°8l ¢ ol 0se‘ ¥ T80l sTe0D TIV

- A 0s¢ ‘ez 6 8f 0°0¢ B A Lzl Log Tezog 3seouadg

soTEM y3jnog

SPUBTPIH

uIagsay

SITYSHIOL

- 261 0sc“ge 6°gy 0°0¢ ¥°8 Lzt L0S uxay3JIoN

YsS13300§

uoydey SupLyddng - qseouadp

21°0 G6G* 1 ovg‘¢e 92y 6*le ©0°02 6°6 (474 Tejol pauty-daaq

— 57 —

SoTBM Y3NOg

SPUBTPTH

uxaj}soM

SaTYSIOL

210 19} ovg‘ge 9°zY 6 lLe 0°02 0°6 cve‘e uxay3ION

YsT3309g

% m /03 % % % % 0004
SUTJOTYD Jaydrng ‘TeA *Ted uoqJep 4 9TIeIoA ysy 9an3sTol wauuy - -

(Ten30y) stskreuy [eofuioa] 104 SSUUOY, uotBoy Sutkrddng - paury~desq
SU0T183S J8MOd
9261/516T uotday ssfes wIoy3.IoN

YIVA TVOLIATYNY JEIVIZY HIIM STVSOdSId IMI¥VYW NIVH
JQIS NOILJWASNOO




— 58 —

0c*0 60°1 olz‘og 874G 0°62 AR 0°0t Liv'y Te30L sT80) TV
90°0 et oLLecgE 629 8°'9¢ L e ¢ il 1®30] 3swouado
’ 59TEeM Yjnog
SPUETPTH
uIs3}soM
aITYSHIOL
90°0 citi oLL*¢S 5°29 8°9¢ VL ¢ e it uIay3JaoN
ys133008
uordey JurLyddng - gseouadp
0z°0 60° 1 oBL‘og L*sS 0°62 1°g 2’0l vog'y Te30] pout|-~dasq
¥0°0 8°0 ov60g L°89 €91 9 6'8 182 saTBM Yjnog
sv o oot 08£‘6e 0°¢s 9° 1 VG 0°0lL 1 SPUBTPTH
uxe}sap -
¢£2'0 6v- 1 ovsog 8¢S 8" 1< 1°s 6 149 8aTYSHIOL
12°0 oLl ozl‘og L ¥s 6°62 1°q ¢°0l 886°¢C UJSYJION
Ys14300g
ocﬂmcﬁso uzsmasm .Hmwxmﬂuo coaamw °d oﬁﬁmrao> nm< og:Mmaoz emmm« -
(Ten15v) Stok{edy TEoTuUos] = 404 GIUUOY, uot8oy Surfyddng - paupy~dasq
U013 BSTUOQIBY
961 /6261 uotdey soTeS - WIBY}ION

Vava TYOILATVNY EIVIZY HILIM STVSOJSIA IAMHVH NIVH

JaIS NOILAHISNOD



— B9 —

1L°o 691 Oce‘se 1°G¥y £°82 6"Vl IANY 65G° 1 T®304 81800 1TV

Lo°0 2zl 0181¢ L* LG 6° L2 6 9°4 ¥S1 1230 3seousdp
SaTeM Yjnog
SPUeTPTH
uxejgap
0" 0 08° 1 096°62 8°96 9°0¢% S°g L S SITYSHIOK
Lo*o Lt oL8‘le ¢ LS 8°Le 5°6 64 6¥1 uIayj.IoN
Yst31joog

uotrday Buritddng - 3seouadp

cio 69° 1 osy‘ve 8¢y ¥°8e 561 ¢eel sovl 8305 pauty-desq
$0°0 ‘t..o olsee ¢ e8 o°'8 1°g Ly c gaTeM yjnog
SPUBTPTH
UJ33Sap
g0 86° | o¥9‘se S° 1S 0°ee 1°L ¥°6 S SITYSHIOX
cL°o 69°1 ogv‘ve Logy y-82 6 Gl v-ct 8651 UISYJION
YsT33008

wcﬁmoa:o ksnmﬁsm .Hmwxmﬂuo :onhmo *d mﬁﬁmaﬁo> :w< oy:Mmaoz EMMM« .
(Ten30Y) cﬂmhﬂrct Hmoﬁnnuwa ) I3d Seuuog uorfey Juphrddng - pauti-desq
*osT ¥ Lxgsnpul
9261/GL6T UOTJI9Y S3TLS uUILYIION

VLV TYOILATVNV QILVIEY HLIM mA«mon.mmHn LEYYYH NIVA

JAIS NOILIWNSNOD



— 60 —

61°0 6¢ L obL 1IE 2°6s Lt ve (984 84 66 18301 STROD TIV

$0°0 86°0 010°¢¢ ¢ 98 2°9 S ¢ 0¥ 4 1ejol 3seousdp
¥o°o 86°0 010°¢¢ £98 2'9 G¢ 0¥ ¢ seTeM unog
SPUETPTH
uIsysoM
SITYSHIOL
uIayjIoN
Ys133008

uotdey Suplyddng - gseouadp

6L°0 6% 1 ovL‘1g 27465 L ¥e ey 8°4 166 Te30y, pautH-deaq
G0°0 YO 1L oLo‘ge L°s8 59 L (4 14 g97el ynog
SPUBRTPTH
LACEEET
v o et 099°‘0¢ 8° s G*¢¢ 6°¢ 8" L ol aaTYSHIOX
6L°0 6¢° 1 -obLi g 1765 8 v¢ 198 4 8°4 LL6 uIsy3IoN
Ys133008

% % 1/ % % % % 000
autIOTYY auyding ‘Tep °TeD | uoqaep -4 STTIJEIOA ysy aINIETON unuuy | yoy8sy SutApddng ~ pautn-desq
(Tenjoy) stekTeuy [edTuyday Xsd Souuoy]
sqd *OuT oTjsewmo(q
wmwmwwwww uotday sares UISYJION

VIVQ TVOILATVNY GRLVIEY HILIM STVSOdSIA LANUVH

J0IS NOILAWNSHOD

NIVH



—- 61 —

Lo*0

el

0L8°1¢ 2° LG 8° L2 66

18305 STec) 1TV

LO*0

Lt

n
.
(o))

0L3*1¢ 2 LG g Le G*q

Te1ol jgesuadp

soTEM U3noOg

SPURTPTH

uxajsapm

BITYSHIOK

Lo*o

cLit

oL8‘1¢ 8Lz

uJay3JIoN

YsT3300§

uo18ay SBurkiddng - gseouadp

Te3ol pautn-dosq

gaTeM yinog

SPUBTDTH

uxe3soM

aITYSHIOX

uIayjIoN

YsT33098

%
auLIOTYD

%
anydyng

/R % % % %
*Tep *1ed | uwoqawp -a STTACT0A ysy 2an3sTOW

(Ten3oy) sts{euy [eoruyos]

000,
unuuy

Jad SI3UUg,

uotdey Surdyddng - pauty-desqg

9L61/6L6T
VIVA TVOITATYNV dEILVIAY HLIM STVSOdSIA IHMUVH NIVH
AJIS NOILAWNASNOD

qz0dxs °*oUT S3931BW JOY3Q

uotdoy sares

WIYIION



- 62 —

920 S9°1 06692 T 8% 162 0°et 8°6 2L6‘9e Te30], sTe0) TIV

v0°0 96°1 04692 2°'0S 2°6¢2 v ot 2ot we't Tel0] 3weouado
90°0 16°0 066°‘cE G 68 89 9°€ 17 6T . 89T8M Yanog
50°0 10°2 00092 L*LYy 0°0€ 0°TT - £ Tt 901 SpUeTpPTi
L& CEEETY
¥0°0 06°1 09592 1°0€ €62 ¥°01 g°ot 912t SITYSHIOX
uJxay3JION
yst3300g

uotday Supftddng - gseouadg

um.o. 19°1 06S°‘9¢ 1°8v 1°62 1°€1 L6 1€9°Ge Teso], pautp-daaq
90°0 eL 0 0GL‘0€E v 0oL [N Al L°9 L8 (4214 saTeM yanog
6C°0 LE'T 06582 6°0S €°ce €°9 S°01 88¢ SPUBTPTH
0€°0 91°1 oLL'‘ee 1°vS 6°0€ 9°G’ v°6 v uxajsom
82°0 €9°1 006G ‘9e 9Ly €°6¢2. €°ET 8°'6 L18°ve aaTYSHI0X
uIdY3ION
YsT33095

w:ﬂmoa:o h::wﬁzo .ﬁawxwmuo :oaum‘ o 9 a&m o m mu:&wao o
. - (Ten35v) ﬁmbw&%?ﬁﬁwmm = =X PR ammsw,“::woa uotdoy Burdyddng - pauri-desq
s3oIeN 1€ Telol
9261/5L6T uotTsey SaTes SITYSHIOK

VIVd TYVOILATVNY QULVIAY HIIA STVS0dSIA [LIMIVW NIVH

BJIS NOILJWNSNOD



- 63 —

82°0 €L°T ovL've 8 yv 6°L2 [AVA 1°01 TGT LT Tej0g STe0D TIV
¥0°0 10°2 0292 S'6v A4 0°1T €°01 €L0°T Te30] 3seduadp
89TBN Ynog
S0°0 L0°2 000°‘92 L Ly 0'0¢ 0°1T €11 90T SPUBTPTH
uIajsaM
¥0°0 00°e 00€*92 9°6v 2 62 0°TT Z2°0t L96 I TYSHIOK
ulayjJIoN
Ys133008
uotr8ay Burkyddng - 3seouadp
62°0 2L 1 0€9‘ve S'vy 8°L2 9°LT T°01 8L0°9T Te30l paut-deaq
8aTeM Yyjnog
02°0 28°1 08y ‘€z 12y 9°82 VoLl 6°1T 96 SpUETPTH
UIIISaM
62°0 2L 1 0€9°ve S'vy 842 9°LT 1°01 286°ST aITYSHIOK
uxsyj.IoN
YsT3309§
o:aWoa:O usswﬁsw .H&M&N%Mo :onhmo d a8 ﬁmrﬁo :w 0h=&mﬁo Emmm.
(Ten3oy) mwmhmmsﬂlawOﬂnswwa A v el Jad me“OB uordoy Fuphddns - peup-desq
SUOT3R3lS Jomod
9261/561 uotday sares SITUSHIOL

VYavd TYOLLATYNY QILVTIH HLIM STVSOdSIA I4MUV NIV

IALIS NOILJIWNSNOD




6170 Wt 091‘0€ 9°'vS v°0€ L°S €°6 66L°S Te30] ST80) LTIV

v0°0 9L 1 oe8‘8e 1°SS 9°6¢C 6°9 v'8 S 18308 jseouadp

89TBM Y3nog

SPUETPTH

uxejsapm

v0°0 9L°T oeg‘8se 1°6S 9°62 6°9 v'8 S QITYSHIOX

uJaY3ION

YsT33098

uot8ay Suidyddng - 3sesuadp

- 64 —

61:0 et 091‘0€ 9°'vS ¥*0€ L°S €°6 v6L‘S Tejo] pauti-dasq
90°0 2Lo 00L°0€ z oL €°vT L°9 8'8 444 seTen yjnog
€€°0 or°1 016°82 T°15 AR 8°9 6°6 L IpUBTPIH
0€°0 91°1 08L°‘6e T°vS 6°0€ 9°g v*6 29 uxaysap
61°0 Ly 1 ovT‘0E G'€g S'1€ 9°g v'6 v12‘s SATYSHIOL
uIsyjIoN
YST¥33008
N _\ ] B I/l % . % % % 000
—EbR e ~c>ﬁﬁmmwo<v “MMMMWC<&ﬁwoM:NwmeHo> = s nw%emwﬂﬁcy uotdey Jurhrddns - peury-desq
UoT3EeSTUOQIR)
961/aL6T uoTdey saTes SITYSHIOLK

ViILVa TYOLLATVNY QALVIHY HLIM STVSOdSIA JAMYVW NIVH
JdIS NOILIJWNSNOD




— 65 —

8e°'0 €9°1 oL1'se 1°eS 0 ce 6°9 0°0T 1291 18305 8T180) TIV
v0°0 9L°1 08S ‘L2 v°2S 5'62 6°L rAL 672 Te305 3seduado
L0°0 080 026°‘2e 1°v8 9°L €'¢€ 0°S 6 SOTBK YOS .
SPUBTPTH
uxajsap
v0°0 8L°1 osr‘Le 0°2S 8°6¢2 0'8 2°01 ove axTysI0}
uJIay3.IoN
Yst3jo0o0g
uotBay FuiLtddng - 3sesusdp
ve'o 19°1 062 ‘82 6°0S g'ee L9 6°6 2LE'T Te30l paut-daaqg
v0°0 S0°T 096°2E 6°¥8 1°L ey L€ S gaTeM yjanog
9z°0 8€°1 008 °‘Le 86y o‘ee 9 8°1T 26 SPUSTPTH
L8 ELEETY
S€°0 €9°1 oge‘8e 6°05 9°ze L9 8'6 621 saTYSNIO]
UJIdY3I0N
YsT33008
wnﬁWOHzo hﬁ:Mﬁsm .ﬁmwxwmuo =0ﬁnWJ °q oﬁﬂmmdo> :m< oustao: Emmo.
(Tena5v) wﬂmhﬁm=< TEoTao5T J 189 mL””oa uotdey Buthrddng - pauty-desq
*OSTW ¥ AJjsnpug
9261/626T uotTday sares SATYSHIAOL

YLV TYOIJATYNY QELVIFY HLIA STYSOdSIA JINIVH

JAIS NOILJWASNOD

NIVH



— 66 —

SE€°0 o't oze‘oe T°vS g'ee vy €°8 96€°‘T Te30], 10D TIV
vo°0 ev°T 062‘1€ 9°€L 8°ST muv 8°G 4 18301 3seouadp
S0°0 L6°0 0eo‘€e €£°98 €9 L°€ L€ 6 S8TeM 3nog
SPUBTPTH
LA CET-ET'Y
¥0°0 61°2 08€£‘82 G'2G 8°1€ G'9 G'6 S BITYSHIOL
uJIayjJIoN
yst330085
uotdoy Butlyddng ~ gseouadg
SE°0 oVt ozg‘oe 6°€G €'€e v v v'8 z8e‘e Tejor peutn-desq
¥0°0 S0°'T ovo‘ee v°q8 L9 o'y 6°€ €1 satepm yjnos
vE°0 A 00S°‘1€E £°95 €°ve L°€E L°9 92 SPUBTPTH
8z2°0 AR 0z9°‘62 L°€S L°0€ 9°'g 0°0T C uIeySaM
S€'0 ov*1 00€‘0E 8°€S v ee 144 v°'8 we‘s ITYSHAOK
uray3IoN
YsT33008
ozamoaso hﬁzwﬁ:o .mexmmuo :oanmw o oaaMwHo> :w< v~=WmHoz swmmo
) - (Tenaov) siekyedy [eoTmIooL —— xoq seuwog, | UCTP0¥ Surhrddng - puti-desg
*S°d*d°W °"Oout or3sawo(g
9461 /56T uotdey sares BJTUSHIOX

VIYQ TVOLLATVNY QILVIIY HLIM STVSOISIA TENUVH NIVH

H4JIS NOILJIANSNOD



081°‘1E

T8304, STe0) TIV

T830% 3seouadp

saTep yjnog

SPUETPTH

LS ELTET

aITYSNIOL

UI8Y3ION

YsT33098

uotBay SurLrddng - 3swouadp

LE'T

08T'1€E

Sve

1830y pauty-desq

saTeM yinog

— 67 —

SPUBTPTH

uxojsop

LE®O

LE°1

08T1°1€E

G°ve

v'9

aatysyI0x

uIoY3ION

4sT93008

%
aUTJIOTYD

%

anydyng

3/
‘Tep *Ted

%
STTIIEIOA

%

8anj}sTon

(Ten3oy) stskieuy [eofuyos]

000,
wnuuy

asd sauuoyg

uot3ay Butrdyddng - pauty-desq

VLV TVOILATVNY QIIVIEY HLIIA STVSOdSIA IIUVW NIVW
34IS NOILJWASNOD

S3J0dXd *out SJaylo

uoTday sores

SATYSHIOK



— 68 —

62*o A N 02l ve Ho4h ¢62 LooL 9*cL 228 0g Te30] STe0d TIV
£0°0 L9%L 0zt ye L 4% 9°0% HoL 6 4L 656 1L Te30], 3seouado
90°0 26°0 060°¢¢ 4°G68 8°9 8°h ALY L5 gaTe Y3nosg
70°0 98°1L onLtHe gy 0°1L¢ 9°0L 0°G1L zng'L SPUeTPTH
90°0 06°0 048t 42 Oy Q°0¢ 9°4 gL 84 RECEEEY
. : AATYSHIOK
uxayj.I1oN
- %6°0 0L6*0¢ gLl HoLL 0°9 8y 2 Ys13909¢
uot3ay Burkyddng - jswouadp
20 Gh°L onlt 42 G*hh 2°62 6°¢L H°2L £9%'ge Te30] pautn-daaq
G0°0 Lg*o och°LE 2°2s eyl 8°S L4 222 saTeM YInog
92°0 GhL 056 He 8°¢H 262 oyl 9°2L $0¢ ‘o2 SPUBTPIH
o4°0 6L oLgtee 0°GH 8 Ly 8°8 7o4L 249 uxo}sap
0£°0 £GL 096*92 pAL 462 JASN) 2oL 0991 aaXTYSHIOX
, uxay3jJIoN
YsT33005
m:amrﬁzo hznmﬁzm .Hmwxwmuo nonumw °d oﬁﬁ“ﬂﬂo> sw< wn:%maoz smwmv
) (Ten3ov) mwma~ao< IROTUYOa] - Jad S2UUO], uordey Jurhrddng - peuti-desq
S19Mael TIY 12300
ww.m.'.mNNmM uotday sotres SpuBRTPTH

VIVAd TVOILATYNY QIIVIHY HLIM STVSOdSIA JMMUVW NIVH
AGIS NOILAWASNOD




— 69 —

#2°0 gL 04992 ¢y 9°92 L*gL 0°¢L 0962z 18301 ST80D TIV
#0°0 78°L o9l ‘42 £ oy LLe GToL LGy 9L Te3oL 3swouado
gaTBM Yjnog
£#0°0 28°L o051 He ¢y L LS 9°0L 0°GL 96441 SPUBTPTH
90°0 06°0 ogLtye 04k 0% 9°¢ 9°4L 3s uxo3sopM
ITYSHIOX
UJISYJION
YsT3300g
uot8ay Buplrddng - g9swvouadQ
92°0 05°L 009*¢2 224 %°g82 9°9L g2l 90L* L2 1830, pauTH-desq
g9TeN yanog
52°0 05°L 0gs‘ee L 2H H°g2 49l g82L 906461 SpUBTPIH
¢eo 00°2 0lg'ee 9°0n 9°62 6°¢L 6°G1 G62 uze3soM
62°0 e 0GH ‘42 70y g L2 8 9L 0°LtL 506 SITYSHXOK
UIIYJION
YsT3300g
mnﬁmoﬁzo hzswﬁzm .Hmmxmwuo :oano g oﬁnMMHo> :W< u&:Wmﬁoz Emmmb
. (Ten3oy) stsdreuy AﬂOﬂczowB ) Jad g8uuoyg, uordey 3upkrddng - pautir-deeq
SUCT]83g d9h0g
9.61/5L6T uotday gatres SPUETPIH

VIVQ TYOILKIVNY QITVIIY HLIM STVSOdSIA IINEVH NIVW

JdIS NOILJAWASNOOD



- 70 —

LE®0 HHL oL9'62 140G ¢ 0% 0°9 9°6 66etL 1830 STE0D TTV
- - - - - ¢*oL - 12 12305 3seousdp
- - - - - gL - P2 gaT8l yjnog

SPUETPTH
UI9SOM
QITYSHIOK
uxsy3JIoN
YsT33095
uot8ay Butirddng -~ jswouadp

K2do] oL 0L9'62 L°4G ¢0¢ 0°9 9°6 ghgtL regog, pauty-desq

G0°0 64°0 086 0¢ L°69 0’9l 0°9 6°8 LGL gafeM yanog

#5°0 {4 § 0ge ‘62 226 0°e¢ 0%9 2°6 gLty SPUETPTH

¢z2°0 oL 0g0°0¢ LohG G 0g 46 L°6 ¢e uxojsopm
L$°0 w6°L 0wG62 8°¢S 6°0% 0°9 86 Gon 8ITYSHIOK

uJay3IoN
UsT330o¢
% % /0 % % % % 000+
SUTJIOTYD Jnyding *Tep "1®D uoqawy °*Jq 9T T3BIOA ysy 2IN3STOH wnuuy wotdsy Sutkyddng - peutq-desq
(Tenjoy) stsdTeuy [e0TUYDS] Jag Seuuoy
uoT3RSTUOQIR)
9261 /5L6T UOTIOY S9TES  «puerpry

Vivd TVOILATVYNY QILVIZY HLIM.S1VSOdSIA JENEVH NIVH

ddIS NOLILJWNSNOD



-71 —

£€z°0 0771 0llt9z L gy 9°L¢ IAY 9°Z1L 2iste Te30l STB0) TIV

600 anL 049'Ge ¢ 04 8792 G*6 HweL 8% T30 3swouadp
g0°0 £9°0 0s6t2¢ 6°¢9 VAR G°¢ 6% 2L saTep yjnog
40°0 GG°L 0¢6"' w2 Q°Gh Q62 #°0L g°HL 9% SpueTPTH
uJajsom
SJITYSHIOX
UIaYy3ION
yst33098g

uorBey SutL1ddmng - 3seousdo

¢2*0 6L 064492 0°gh g Lol 9°2L 7162 Tejo, pautn-desq
70°0 oL oLLhLg 2°08 8°9 0°L 0°9 8 saTeM Yjnos
£€2°0 L’ 09492 H°dy 9°L¢ 0°g 0°¢L goe‘z SpusTPIN
65°0 ST AL 0L9'9z 0°h Q°2¢ (944 4oyl 941 UEELT-ET)
H1°0 VAN 00g* L€ 9°9% L°¢s 0°9 [ 2hL 8aTYSHIOL
UIIYJION
Ys13309g

% % /03 % % % % 0001
QUTJIOTYD anyding *Tep °*Ted :a:pwo d aTT3eIOoN ysy 3IN}STON unuuy uotSey Surkyddng - pauTH-desq
(Ten30oy) stsA[suy [eOTUYOd] Jod S3UUO],
*OST| pue AJjsnpul
9L61/526T uordsy SeTeS  SpPue|PIH

VIVA TYDIIATYNY QILIVIEY HIIR STYSOdSIA JHAMNYVH NIVH

WJIS NOILJMNSNOD



—-72 —

G¢*0 g2t 0624ge LeLg 9°2¢ 0°G oLl T6s'S 1830 sT1®0) TIV
$0°0 #6°0 ol6tes 4°G3 6°9 6°¢ G°¢ 2] Te30] 3secusdp
g0°0 7670 07L' ¢S £°93 979 L¢ 7°¢ 6% s9TBM y3nog
SPURTPTH
uIajsaM
aITYsSHIOX
uJay}JIoN
- 4#6°0 016'0¢ S RNA HLL 0°9 94 b4 YsT313008
uotday ButLyddng - gsesuadp
6g°0 ee L 062 ge 118 9°e¢ 0°g €L 0s¢'¢ Teqo] poutn~doaq
60°0 66°0 0sLtee £°ng L4 9°4 7°¢ 95 g5TEM YJnog
2¢°0 (108} 062" g2 6°05 8°2¢ L°s 2°tl 996°2 SPUSTPTH
LS°0 L0"L 096* L2 064 Gng 04 g21 202 uxagsopN
056°0 7 09642 L°LS 2°Le 04 Le°CL 921 SXTYSHIOL
UJSJION
YsT3300g
ocﬁwﬁso hszmﬁza ..nmmxm.h_“o :on.ﬁm\u o w._”.n%mﬁa; :We. o&:%m.no: EMW:O@ .
- ~(Ten3ov) wuwhﬁwc< TeoTIoo], } Iag Souuwog] uotdoy Suphrddng - psun-dseq
S*d*d°W “out ot3sewoq
W.NNM.NWN@M. uoTdey safes SpueTpIH

Yivd TYOILATVNY QILVIZY HIIA STVSOdSIA MYV NIVW

Jars NOILWASNOD



— 73 —

LE°0

170k

2 0L

6L

O%

Te3ol sTwod 1TV

Te30] 3seouadp

s9TEM Y3nog

SPUBTPTH

uzsjsom

2ITYSHIOL

uJay3ION

UsT33098

uot3ay Burlyddng - 3swouadp

66°0

064 42

4

0°0%

1°GL

Of

Tejo], pauty-dasq

saTeM Y3nog

S6°0

06442

ohYy

H°GL

O%

SPUBTPTH

UI23SaM

SXTYSHIOK

uIsYy3IoN

Ys133008

%
sUTIOTYD

%
angdng

¢4

/e
‘1eA *TBD

%

uoqIe) *d

%
STTIVIOA

ysy

%

2aIN3STON

(Tenqoy) stekyeuy [edTUYda]

000
unuuy

Jod sauuoy,

uot8oy Jutkyddng - poutn-doeq

9L6T/GL6T

VIV TVOLIATVNY QALVIAY HLIA STVSOdSIA IAMYVIW NIVH

dJIS NOILLJWASNOD

S3J0(X3 *OoUut JI9Ul0

uoTday sates

SpusTpTH



— 74 —

£7°0 99°1 096462 0°ly 2762 9°¢L z°oL 969491 T830], ST TTV

91L°0 g0°2 096" 4z S64 (104 G*6 G°oL 6L Te3o] 3seouado
50°0 €6°0 020'¢¢ 8763 99 9°¢ 04 Sy sateM Yjnosg
SPURTPTHN
AN €1z ogetle 9%y 97L¢ 6°6 6°0L Ll uxoqsap
#0°0 aeL 0094ge 1766 6°q2 n°l 9°g G¢ 3ATYSHIOL
uxsyjIoN
- #6°0 056°0¢ 0°gl gL 6°S 84 l 4s11309¢

uot8ay Sutltddng -~ 3seouadp

Heo 99°L 06962 879y 2 6z 8°¢cL 2°oL G06*SL te3oy, pautn-dasq
cLto 2970 oLg*og 0°04 LoGL 2L AR 62¢ saTeM yjnog
teto 621 oyL‘ee 8°Gy 462 9°tL 6°2L oLl SpUBTPIH
%0 89°t 099°62 S 94 6°62 6°2L JALTS HEL*oL uIa3sop
4Leo 8g°L 098°6e Goy 6Lz 6°lL YA 199%¢ SITYLHIOK
$L°0 LU 06t 0¢ AN g8°¢¢ 9°9 6°9 G uIay3IoN
ysT13008

mcﬁWOH:o u:nmﬁsm .HmmxmwMo :oagMa “d oﬁﬁmrﬁo> :m« musmwﬂoz smmmo
[§CEED) wﬁwﬁ,m:«. Teofuyoay], ; } Jad seuuoy, uordey Jurhrddng - pouti-doaq
STSSIeN 118 TTe10%
wm.lm.mNN.mlm uoTday sores uIs1sap

VIVQ TVOILXTYNY CALVIZY HIIM STVSOASIA JEAMYVH NIVH

4Jq1s NOILJMNSNOD



— 75 —

2¢°0 6471 094 42 90y 9°gQe 0’9t g 0oL 00g'LL @305 ST®0D TTV
gL 0 28°L 000* 22 Ly aTLe "2°6 z2°eL 2¢s Te30] 3seouadp
saTEM yjnog A

SpPUeTPTH
"gL70 2g L 000" 42 L"dn 274 2*6 zezL 2¢q uxeqsop
BITYSHIOK
UIIJION
ysT4300g

uot8ay Butdyddng - 3seouadp

¢¢*o 64°L 099 HE ¢y g*ge #°9L g°oL g92°LL Te101, poutH-desq
s8aTeM yjnog
HL*0 Gq°L 0Ll ee g2y 92 L 4L gL L9 SpUBTPTH
40 Llty 094 42 67y L 62 ¢ Gt FAIN? G622t ulojsapm
GL°0 ¢6°L oLgtez 9°Gh 2°le H°61 8L 621L'¢ SITYSHIOK
¢2°0 00°2 0lL'9e 6°Gh 0°0¢ 6°¢cL 2°g 4 uIaY3.I0N
Yst3309g

% % N/ % % % % 000,
SUTJIOTYD anydng *Tep *T®) uoqJae) °*Jg _ 8T T3ETOA ysy aanjstTop umuuy uotSoy Suihrddng - peuty-desq
(Ten3ov) otsiTeuy [BOTUYD9Y], JIad sauuo],
SUoT}3e31g .nm...s,om
%@ﬂ uotday sotes uzo3S0Op

VIYQ TYOLLATIVNY QILVIHY HLIM SIVSOdSIA JAMYVH NIVH
JAIS NOILAWISNOD




g2°0 g0°L 0L0' 04 9°44 L2 49 9°g 266 83108 ST®0D TIV

1e30], gseouadQ

saten yjnog

SPUETPIH

uxa}sap

2ITYSHIOL

uJay3JIoN

YsT33008

uotrday BuilLyddng - gseosuadg

- 76 —

g2"0 go't | oiotol 945 L2 AL 9°9 266 Tero peuty-desq
L0 9%°0 oLG*0¢ L°99 L9l 9°¢4 29 log geTeM Yanog
SpUBTPTH
7$°0 L2t 02362 9°¢S 2\ 7°9 8°Q 9L 18 EET-ETY
SITYSHIOL
L0 s L oL96z 0°¢s 2°0% 0°4 8°6 6 UISY2ION
YeT33008
% % D/ A % % % % 000,
SUTJIOTYD anydyng “IBA *TED uoqae) *J STTILTOA ysy 8aIN]STOH wnuuy wotBey Surkrddng - pouti-desq
(Tun3oy) STSAreuy [eojuyosy, Jad ©9UUGT :
Wotjestuoqae)
9061/426T uotday sares U919

VIVA TVOLIATVNY GALVIZY HLIN STYSOdSIAd JEMAVA NIVA
ddIS NOILJWNSNOD




- 77 —

4240) L67L 064442 A Lror 9°6 0°oL 790%2 18307, sT80D TTY

gL 0 290 0ot 0w 2°Ls 4°0% 6°0L 2 9ee 1e305 3seouado
00 28°0 onpted 6779 g4 e s 2L saTeM ynog
SPUeTPTH
GL°0 20°%. 090'¢g7 €6y 2°Le m.rr. L Lol uxsysom
40°0 gL 009t g 266 47 Gl S°9 19 I TYSHIOL
uxayqIoN
ys13309g

uot8ay Burk1ddng - 3seouadp

65°0 2utt ol le 976y L°0¢ 76 ¢°0L g8t L Te3ol pauty-dosq
80°0 84°0 00¢¢s 8°64 L°2L 9°4 m.m, 9 g9TeM Y3nos
42 0 20, ons 6z ALl L°0% 4°0L 6°2L 865 SpUeTPTH
L0 09°tL oLct gz 2°Ls 0% 6°Q L6 -2g0%L uI93soM
L£*o AN ong‘ge g°Ls 87 1¢ Q4 6°3 zsL 8ATYSHIOK
uxayj3.IoN
YsT3300¢

% % 34/ % % % % 0004
SuTIoTUD anydng “TeA ‘T80 | uoqusy °4 STTIBIO0A ugy SINISTON umudy uot8ey SutAtddng - pauty-deaq
(Ten3oy) stshfeuy TeoTuyod] JXad sauuo], N °
STl 3 Kaisnpur
96T /Gl6T UOTZaY sares uxeysay

VIVQ TYOILATVNY QALVIZY HIIA STVSOdSIA LENYVH

JAIS NOLLJWASNOD

NIV



G40 8L o6yt 0g EAle 17¢¢ 27y 04 acgtL Te305 STE0H TTY

£0°0 90°L 0644 z7 9°2g h°6 6°¢ Lh 14 1e30] 3seouadp
$#0°0 96°0 0g0*¢¢ € 99 %9 ALY 9°¢ Le saTeM Y3nog
SPUeTPTH
2L°0 €9°L owo.mm ¢€°95 0" 4% Ly 9°g l uxajsapy
#0°0 6L°2 076 ge ¢ees 0°2¢ L9 9°6 2 SITYSHIOX
UI9Y3ION
- 46°0 04604 0° g coLL 6°G 84 L ysT33008

uot8ay Jurfrddng - g3seouadg

- 78 —

94°0 651 054 0% YA 6 ¢¢ ALY L4 f0g*L Te30], PautK-dasq
G0°0 90°1L 020'¢s 8°¢g 84 6y G°¢ 199 gsoTeM Ynog
9%2°0 94°L oHGt62 9°24 g°¢e 98] L°6 hie SPUBTPTH
26°0 8s L oLgtos 6°¢S 2 He 64 04 650t UX9}SoM
8s°0 et oLEtLE 4768 3°¢% % 2°9 904 aITYSNIOL
HL°0 o T 06 1% € Hs 9°6% 24 LS 62 uxoy3.JI0N
Ys133008

mcﬁmoaso &szmﬁzm .Hamemuo :on&mU..m uHHMmHo> :W< o&zMwHoz Emmw« |
(Ten3oy) stsfyeuy Hmoﬂczome ) Jad Ssuuog, uotdey Surhrddng - pauri-desq

S°d°A°H 3 OT3isauwoq

9Z61,/5L61 uotdsy SITeS uI8q50M
YLvd TTYOILATIVNY QULVIMY HIIM STVSO4dSIAd IAYHVH NIVK
ddIS NOILAWNSNOD




- 79 —

05°0

Te3oL s1eod 1TV

Te3ol 3seouadp

saTeM yjnog

SPUBTPTH

uJaj}sap

aITYSHIOK

uxsy3JIoN

UsT13309§

uotdsy Furhyddng - jseouadg

Ly°L

062462 6°26 Lezs 56 6°9 2

Te3oy pauti-deaq

soTeM yjnog

09°0

Lo

099°'g2 ¢°2s ¢res [ad’ 6°0L L

SPUBTPTH

¢4°0

99°L

099'62 0°¢6 ¢oee ¢°9 ol L

uxajsoM

SITYSHIOK

uISYJION

YsT33008

%
auLIOTYD

%
auaydyng

RV e % % % % 0004
*Tep *TeD | uoquep °4 STTIVTOA usy 2an3sTol unuuy

(Ten3oy) siskreuy [eoTUYOd] Jad Ssauuol

uot8oy Futkrddng - psurp-dosq

; 9L61/526T
VLvd TYOIIATYNY QALVIHY HLIM STYSOdSIG LEMHVH NIVH
IgIS NOILJAWNSNOD

3J0dxy ‘out

S3oACH 19130

uoTday s9Tes

uxsjsan



— 80 —

oL°0 10° 1 ocv ‘62 699 6°6GlL L6 4] 969‘g Te30l ST@0) TV
90°0 00° 1 0L8*0¢ 6°8L L9 €9 1°6 00L 1 Te30l 3seouado
90°0 00"t 0L8‘0¢ 6°8L L*9 £'9 1°6 660°1 soTeM Ujnog
SPUBTP TN
uxal1sam
AJITYSHIOX
uJaYJJION
- ¥6°0 0£0° 1S z'8lL 1 8°G 9'v ! 4sT33005
uotday FuiLyddng - 3seouadp
0L'0 101 ol¢*6e v:69 L9l 6°6 v'8 9%654L . Ter01 pauty-dasq
Lo 0 L60o ovv 62 2°L9 9" ¥l Z2-ol 0°8 1699 8aTeN Y3jnog
92'0 92"t oLv‘Lz 1°0S 0°2¢ 29 Lo €09 SPUBTPTH
Le:o rAAN OLL‘og L°4aS L ig 1°S S*L vee uIa}sapm
¥¢°0 et 06¢1g 8764 2 v 8°¢ 2'9 59 SITYSHIOL
91°0 gLl 09¥82 €05 greg 1°g 1°zt 87 uI3Y3I0N
Lo*0 1670 ovv‘ee 2°L9 9 ¥ z-ol 661 4 YsT33008
% % HY/ P % % % % 0004
BUTJIOTUD auyding *Tep *1ep | uoguup g 3TT38I0A ysy 8an3sToy wmuuy

(Ten3dy) stsATeuy [ROTUYDda]L

Jad @auuoy]

uotday Surfyddng - psut-dssq

9061 /5L6T

VIVa TYOITATVNY QALVIM HIIA STVYSOdSTd JAMIVW NIVH

JAIS NOILLJANSNOD

sjexasu [I® ‘T1B10]

uotday sares

§9T8M Yjnog



- 81 —

60°0

9b° L 08¢‘92 9°19 - Lzt €9l v 6 656°1 Te30] sTe0) TIV
- - - - - o'zl 8°'9 A Te3o], 3seouadQ
- - - - - 0°cl 8°9 cl §3T78M ynog
SPURTPTH
U CETETY
aITYSHIOL
UJIayqI0N
Ystijoog
uot8ay uiL1ddng - 3seouadg
0°0 9b° 1 05¢‘ 92 §'19 Lzt v*ol V6 Lv6*1 Te3o] pauti-desq
S0°0 9v* 1 04¢oz L*19 9°cl a1 £°6 G661 gaTeM Yjnog
. SpPUBTPTH
uxs}sap
SATYSHIOK
UISYIION
92°0 90° | 08¥‘92 8°'GY (A44 9°9 G ql 2 UsT33008
wcﬁmoﬁ:o hznmﬁzm .ﬁvaNMMo :osnmw °J oﬁﬁmmao> :w< on:Wwaoz smmwo
. (Ten3oy) stekieny TEoTuRoey ] a18d geuuoy, uotdey Jurkrddng - peupn-desq
SUOT3e}S IoMOd
9261 /4261 UoTdod SoTeS ToTON Y3005

VIV TYOTLAIVNY QULVIIY HLIA STVSOdSIA IEMIVH NIVKH

AJLS NOILJWNSNOD




- 82 —

60°0 1L°0 oiL0s 9°49 ok L '8 69¢°¢C T®308 ST80) TTV

50°0 ozt ol6“62 2l €9 9°L 6°8 40]7% 1e30] 3sesusdo
50°0 021 01662 2 LL €9 9 L 6°8 sov §aTeM yjnog
SpUeTPTH
L& CEEETY
9ITYSHIOX
uxsyjJIoN
Ys13309§

uotday Surfrddng -~ 3seouadp

60°0 ¥9°0 0sL40g 899 z'8l oL 0°'8 ¥96°2 Te10] pauty-daaq
80°0 09°0 08L‘0¢ 9°L9 gL (A 0°8 golte g9TeM Yinog
12550 Lt orv‘6z 2 ¢S St ig 1°S z ol ! SpUeTPTH
TAN0] 61°1 oLvo¢ 1289 6°0¢ VG '8 L9t UIa3sapm
SJITYUSHIOK
zLo 125 06562 6°25 2°0¢ 2L L6 ¢ uzay3JaoN
’ 49133008

mnﬁmoﬁzo nsswwsm .Hamxmwuo :oppmw *d mﬁﬂmw~o> :m< opsmmﬁoz smmwo

{Tenav) mﬁmhﬁm=<|ﬁmo«=:cma 104 SoUUOY, uotday JutL1ddng - pauty-dea(q

UOT}BETUOQIRY)

meﬂMNNNﬂ uotdoy sores SO T8 M Yy3nog

VIV TYOILATVYNY QILVIZY HIIM STVSOASIA JIMAVH NIVH
JJIS NOILAWILSNOD




— 83 —

€20 v oLv*gz L° 96 6°62 4oL £ol Gz 12305 ST®00 TIV
90°0 26°0 ov0*‘¢¢ €°0g oL 6°8 8¢ 85 Te3o] 3seousdp
90°0 26°0 ovo‘¢g £°08 0L 6°8 8¢ 85 soTBM Yjnog ‘
SPUeTPTH
uJzajsem
BITYSHIOL
uJIay3JON
ystT33008
uot8ay SurAtddng - 3seouadp
¥2°0 St 062 ‘se €°6S 992 6L 90l Log 19303 paupu-deaq
LO"0 ¢8°0 Q.N.Nm 6°¢l €T et €9 38 4 191 g8TeM Yyjnog
62°0 1A 0€0°L2 68y 8'0¢ 0°'s gzl 602 SPUBTPTH
) UI91sam
QITYSHIOX
ZLo 2l 096°92 9°Ly (2314 0L 6°¢t t uIay3I0N
YsT3300g
wcﬂmoﬁ:o .:Emd:m .HdM&NMMo aoanm"v o o.n,n%m.mn:r z% m.SWmdoz Emmcoo
(Ten3ov) SieATwuy Teotuudsy } 1og seuuog, | UOTFOY Furhrddng - pauty-desq
*osTY % Lrysnpul
96T /5L5T UoTdoy sores TOIGA Y3nos

VIVA TYOILATIVNY QALVIZY HEIIM STYSOdSIA IEMUVH NIVH

JAIS NOILJIMNSNOOD




— 84 —

2L'o 66°0 00L*tg Locl 9" v L'y 9°L goL‘e Te305 ST®0D TTV
90°0 $g°0 0¢6‘0¢ 008 L9 vy 6°8 L1S Te3oy 3seduadp
90°0 48°0 0¢6°0¢ 0°08 L*9 R4 6°8 91§ saT8M yjnog
SPUBTPTH
uzejsopm
QI TYSHIOL
UJI3YJION
- ¥6°0 orofie z2'el 1At 84 9'v 1 Ys13309g
uot8ay BurLyddng ~ 3seouadp
¥io o' 091L° 1€ 02 6 Ll 8"y 2 L 9812 Te3ol pouty-dasq
Lo"0 06°0 065 °‘2¢ L8l 8" 1 Ly ¥°s 1£9%1 g97eM yjnog
2 A] Lzt ovLLe (e preg 2 £l L6¢ SpUBTPTN
€¢to 62" 1 ozl ¢ L*99 (03049 (884 2°s LG uIogsoM
2¢to el 04¢° I L85 2 ve 8° ¢ €9 ¥9 SITYSHIOL
91°0 Ll yev*ae €04 Lz2¢ 387 2zl LS uIsY3IoN
YsT33008
mcﬁmwﬁso a:smw:m .ﬁmmxmmwo :onamm °d OHHmrqo> sw< ogsmmﬁoz smwm«
{Tenaoy) SiskTeuy TeoTuuosy zoq seuuoy | UOTIRH Sutdrddng - peum-deaq

9L61/5L6T
VIVA TYOILATVNY QALVIEY HIIM STVSOdSIAd JANIVH NIVW
FAIS NOILJW{SNOD

844 *out oT3semoq

uolday sares

SOT¢R 4308



— 85 —

60°0 Lo 098°6¢ L oL 1°6 6 6° 0l ovz 1e30L ST€0) ITV
8070 88°0 06862 52l 19 9° 8 8°ct 801 Tejol 3seousdg
80°0 88°0 06862 (AR AR 1°9 9°8 8°'21 80} satem ynog
SpUeTPTH
uxajsop
8ITYSHIOL
uIaY3I0N
usT3300§
uotBey Furktddng - 3seouadp
110 1670 01862 L*99 LS o' it 99 2¢l Te3ol paut-dasg
Lo 1570 018°62 L°99 LGt o°tt 9°9 441 safeM yjnog
SPUBTPTH
uxejsoM
aaTySNIOL
uJay3IoN
ys13300g
w:«moano h=£MH:m .ﬁmmxmﬁwo :oaumw °d oﬁﬂwaﬁo> :m« ah:Mwﬂoz - Emmwv
(Ten3oy) STefTeuy Teotuuosy, ] Jagd geuuoy, uorSey Surkrddng - pautH-desq
8310d%X0 *OUT £383IBW IBY}(Q
9L61/5L6T UoT9oy saTes S6TER UINOS

VIVA TYOILATYNY QULVITN HIIM STYSOdSIA LIMIVH NIVH
FAIS NOTLJIWNSNOD




ve o el ozl‘se oLy 1°8e L2y 9° L1l $98°01 18305, 8180) TLV

LO°0 26t 08662 1°65 o've o2l L6 zel 1e30], 3seouadp
G0°0 68°0 omo.mm. 9°68 - 69 Lg 8¢ Loz §3aTeM yjnog
v0°0 VL 080°62’ 0°9¥ 6°62 9°0l 41 ¢ SPUETPTH

uJIajsop
v0°0 L1671 06562 9° 64 8°0¢ 65 '8 4 . aITySHIOK
8070 Gy AN 6° 0% ¢ 62 ¢'g ST il €06 UI8Y3ION :
- A 011492 0°LS ARF V6 52l zi UsT33008

uot3ay Surliddng - 3seouadp

— 86 —

[TAV. vl out-ae el ¥°82 (4} 8" i zviol 18301 poutH-dead
900 20t 0L6‘vg L-gl 6711 G L 6°9 1LG 8aTem Yjnog
82°0 vet 0L8 e L vy L 6z AR 6 ¢t ¢8ls SpUBTPTH
‘ L& CEEET
¥eo oL®1 08692 6° LY < oL bl 6L 414 aaTYSHIOoX
TRV €91 06£°6e 2 ey 0°62 8°G1 L0l 608°¢ uI9Y3.I0N
0¢ o 9570 0¢2‘ve 1*4f 8°'8¢ ¢eel 8¢l L92 Ysi33jods

wnﬂmrﬁzo n:nmm:m .Hmwxmﬂuo :onumw o cﬁﬂmmﬁo> :N< mhswwﬂoz smmm«
(Ten3ov) StekTeuy Teotuuos] 1ag sauuoy, uot8sy Sutitddng - pauty-desq
sjasaeu [T® ‘Te30Q
9261/5261 uoTday gafes WISYINOS P UOPUOT]

VIVQ TVOILATVNY ALVIIY HLIM STYSOdSIA LINHYW NIVH
ddIs NHOILAWASNOD




- 87 —

VIVQ TVOILATVNY GALVITY HIIM STVS0dSIA LMV NIV

JJIS NOILJWNSNOD

€20 ¢4t 1 welt e A4 6°82 2l 1°2i ¢Lv9 Te3ol s{eod T1V

8U"0 1671 oru‘se ¢ 8y 1°0¢ b3 AR 444 Te30] 3sedsuado
SaTeM yjnog
G0V Lote oou“9e L LYy 0°0¢% 0Ll et L SPUBTPTH

08 CLE-ETTY .

aIXTYSHIOK
8070 1571 051°8e G'8y L og ¢'8 L'el 12814 wray3IoN
- Gt ooLee o'ch ¢ 8¢ Lt 0" gl L YSTIF00§

uotr8ay Burdtddng - 3seouadg

g€z v £48°1 005 ‘ve 6°¢h 8 8z 261 1vet 1809 Teso], peuty-dasq
90°0 26" 1 oLv‘se v8b §°62 rarh L6 62 83TeM yjnog
0c°0 ev osb¢e vev 6°82 vocl €6l ‘9912 SPUBTPTH
UX23SIM
220 €8l 08¢°Ge AR 4 9°82 0°81 2'8 Loz axtysHIox
62 0 591 001Gz Ly 8'8g Akl 1ol AV uzay3ION
020 95°0 oge ‘e |17 8°8¢ ¢ci 8¢l Loe Ystlloog

A Z T/ ¥ % % % 000,
UTIOTYD anydng *Iep °Ted :opuwu ¥ . oﬁmumﬁo> ysy 8an3}STON umuuy wopSoy Furkrddng - peuti-deoq
(1enjoy) sisfyeuy [eOTUYIS] Jad gouuoy,
SUOT}®}S I8M0d
WNNmMNNNm uotdey sares uIsyjnog ¥ uopuog



¢l o A" och*ig FAWAS B8'8¢ 69 'L vee Te3j0g, sT®0) TIV

90°0 oLTL 000°¢< AT 0°92 AV A ] Tej0] 3swouado

saTEy Yynog

SPUBTPTIH

uxa3soM

8ATYSHIOL

90°0 oLt 000°¢E 1°19 0" 92 Ll 2°q ¢8 UJIBYJION

YST33008

uot8ay Surliddng - gseouadg

gL*0 FARSY 094 0% 6 ¥4 G og LS 6°8 6¢c1 Te30] pautH-deaq

satemM yjnog

— 88 —

gpuUBTpTi
uIxajsap
9XTYSHIO]L
910 Lt 09¥‘0¢ 615 605 LG 6'a 6¢1 uxoyqIoN
ys113008
% % a4/ % % % % 000, ,
SuUTJIOTYD anydng *Tep *Ted uoqae) °J STTIETOA ysy asansToy wnuay | gey SutArddng - peuf-deoq
(Ten3oy) stekieuy (BoTUyod], Jag sauuoy, ;
UOT}BS TUOQIRY
9261 /GL6T uotdey SOTRS uILsYINOL P UOPUOT

VIVd TVOLLAIVNY (ALVIHY HIIM STVSOdSIA LAMIVW NIVH
JJIS NOLLJWNSNOD




-89 —

4L 00" SN 9"oH gL 9% £l L5e Te30] ST80D TIV
=300 3seouadQ
23TeM Yjnog
SpuUeTPTH
uxajysop’
X axXTYSHIOL
uJayjIoN
Yst31q008
uot8ay SurLiddng - gswouadp
ALtn 0oL ovotor o'y 2374 9+ oyl Rers Te3ol pautn-desq
8aTep yjnog
SpUBTPTH
uxoysap
SITYSNIOX
UISYION
RS o0ty on9toe 9° 0% GoLg 9°L £oiL ez YST3300§
% % 2/ % % % % 0004
SUTJIOTUD ayding ‘TeA °1®) uoqure) °J STII®IOoN ysy 9IN3STON unuuy uotdoy fuirkiddng - peury-desq
(Ten3oy) stefTeuy 180TUY09] Jad SsUUOY
SUOTILY S I9AOJ
mmwmmmwwm uotday sates @qmﬁugw .:

VIVQ TVOILATVNY QAIVTIY HELIA STVSOdSIA IMHVH NIVH

90IS NOILJIWNSNOD



120 cLet 0egog 0°99 Q0rec 6y L8 L8b* 1 T®30], sTe0D TIV

G0V 26°0 030°2E 618 G L 8¢ 8¢ 261 Te3ol 3seouadp
60°0 63°0 ovLiee 4°6Q 6°9 L¢ Lg 31 §3T8BM Yjnog
SPUBTPTH
- ) uJxajsap
Yo' Loty 0get6e 9°64 8°0¢ 6°§ 1°8 < | dTusdIof
uXay3JION
- ¥6°0 ol8‘o¢ 9°LL A 19 6" v i Ys¥330085

uofBay Burdiddng - jseouadQ

€20 9ty 06362 G 9 8" e 0°5 L8 6621 18305 pauti-deaq
90°0 ¥6°0 ogL'es Looy 0°ot 0°§ 6V 29¢ g8Ten yjnog
1£°0 Lett ‘ oLs.‘se 6°05 breg 1°4 9°01 608 SPUBTPTH
uIaj}sam
1¢°0 veL oG 1g ¥ 65 8" ¢ A Vg 01 aaTysIOL
8L°0 2z oLy‘se €065 8'2¢ 6°v o'zl e uxay3IoN
YsT3300g
mcﬁmoﬁso u:sMa:m .ﬁamxwﬂuo :onumo °d oHﬁMmao> zm< og:Mw«oz smmmw
(Ten15v) ot1ekTeuy 1eoTUYoaT 1og seuuoy | UOTEU 3urk1ddng - paut-desq

SJdil *ouT OTgSsmWoQ

9261/526T1 UOT3aY S9TBS  wIayjnog % UOPUOT
VIVA TVOILATVNY QALVIZY HIIM STVSOdSIA IAMHVW NIVH .
HAIS NOILAWNSNOD




7170 Loy 069°ge n*LS 942 woy 9°0oL b Tejol sTeod TLY
600 Yoo oL3‘es 6763 6°9 tAl 0°¢ P4 Te30] 39eouadp
GO°® ) ¥6°0 oL3‘ee 6°483 69 38 4 0°¢ 2 saTeM Yyinog
SPURTPIH
uIa3s9M
BITUSHIOK
uxay3IoN
YsT133095

uotB8ay Butftddng - qg9eouedp

- 91 -

9170 62" 1 09L' Le 0°1¢ 2 2s q°¥ ¢rel 6 Te30] paut-daesq
50°0 560 063°2e ¢res 0°6 bea 1989 t 8a1eM yjnog
L°o 0¢° 1 8L 9e 9Ly 9°¢e vy 7oy L SPUBTPTW
. uIajsapm
¢reo L5°0 0sL*0g be G L ve 2y L9 | eatysyIOx
udsyJIoN
Ys13309g
o:a%oa:o .Hssm._”:m .wav&%uo :onaWo °d QH.HM«»HnS :W< 0.;““5”02 ﬁw:oEo.
. (Ten3ay) stsiyeuy Hmo.mqsoma - Jad mwﬂ”oa uotdoy Surkiddng - peupn-desq
sqx0dxs *ouUT S3OFIVY J6Y1(Q
9261 /6261 uotdoy soTeg UJLSUINOS P UOPUOT

VILVa TVOILATYNY QiIVITd mBHI STYSOdSIA ISMYH NIVH
94IS NOILJWNSNOD




- 92 —

sLen gL ot ar ¢ zg eLs 09 0oL 65LtL Te305 ST80) TIV

AR Gl AT Y 7LD 9 K2 9°g s cHL Tejod 3seousdp
o0 Lgto eleiad 0o Gl ) Gc 2°¢ o6 S9TBM U3nog
SpueBTPTH
L0 Paly RN LS o LG 6 LE 8oL <9 28 urejsap
SITYSHIOK
UIIYJJION
YsT33098

uoidey Butrdrddng - 3seouedp

fi2T0 ZLoL oGt ge Xt gt 9*S 6401 640" L Te30] paut-~deeq
L) GH*N pleriadAe AR fg [ASH ¢ Le g9TeM Yyjnog
BE0 Lzt o9t G2 2°LS heeg 64 6°6 662 SPUSTPTH
7o 9L 599 0¢ FASTIS 2 4C 0°S L9 HG uxs1sopM
Dot By ozLteg 67464 yALS4 I Lo 2 sITySHIOX
LLeo 60t 002*t6e LS cge 64 401 . 262 UIOYJION
qLt0 86°0 0zt ou Loy 9°LL el oL (414 UeT33008

ecﬁmo.Eu .S:m?m .Hawx.wmuo Exth °d eﬂmﬁg zm«. ugsmﬂo: %
(Ten3oy) s{ek{euy TeoTuyosy Jad souuoy, =oﬁmm..m Suyhrddng - pauti-desq

mN.WH“mLBmH

VIVA TYOILATVNY QIIVIAY HIIM STVSOASIA IDMVYH NIVH

JJIS NOILJWASNOD

S3a: Il TIV 1e30]

uopdsy soT1es puRToar “*f]



— 93 -

ol oL KA T s 2 ot 1e30] STE0D TIV
18708 3seouado
89TBM Yjnog
SpUBTPTH
uxajsap
2ITYSHIOL
UJIaY3ION
UsT33095
uotday Suriyddng - 3sesuadp
PAR AL Consten ceoy A X ConL V<2 Te303 poutH-dosa
ga1em yjnog
SPUBTPTH
uxelsaM
8ITYSHIOK
uISYFION
JARYS) oneL onoto 9oy 2374 94 oL 16 4S 127008
w:aMoq:o n:zmﬁmw .Hawxmmuo :oaaMo °d maﬂwaﬂo> :W< opzmwﬂoz Emmmo
. (Ten3oy) syekyeuy TedTuydd] . xog seumog | UOTEed 3utrkrddng - peupn-dseg
TUOTYR G JXDM0]
§ uotday satres P o9T i1

VIVd TVOILATVNY GILVTIY HLIA STVSOdSIA IANYVW NIVH

ddIS NOILIANSNOD



- 94 —

18300, sT80D TIV

Te3o, 3sesuadp

saTvM Yanog

SPUETPTH

(& EXT-ETTY

BATYSHIOX

uJayjIoN

ys133008

uotday Burdyddng ~ 3seouadp

1830 pautn~desq

saTeM yjnog

SPUBTPTH

uJajsaM

SaTYSHIOX

uJsy3aoN

ysT33008

%
QUTIOTYD

%
Jqayding

H/rH
‘Ten *T®d

%

uoqIe) °g

%
STTI8TOA

ysy

%

8an3sToW

(Tenjoy) sisAfeuy TeOTUYId]

000,
unuuy

J34 83Uuuoy],

uot8ay SButL1ddng - pautysdasq

9L61,/5L61

VIvd TVOLLATVNY QILVIAY HLIM STVSOdSIA IAMHVW NIVH

dAIS NOILAWNSNOD

UATPTITUONTSD

uoTday seres

puRTaIT ‘1T



- 95 —

2100 el 02Nt 62 GeaG oLy 6°9 76 1190 Te101 ST®0D TIV

9L*D a6°C le/4 040’4 I 0°Le 0L 29 38 Te30l 3seouadp
600 L0 oroter 3°Go 9L K¢ e 9 8a1eM ynog
SPUeTPTH
91L°0 20T oL tor 0*LS 6* L 37 <9 28 uxoj}soM
SXTYSHIOX
UIIYJION
Ys§33008§

uot8ay BuiAtddng ~ 3seouadp

o 26°0 ngrile LG o1g L9 G cL G9 1830, pouti-deaq
L0e0 00°1L 0% ‘¢¢ G4 0°g AL 144 L saTeN yjnog
0r°0 oL ooz 0% Lc¢ Cy geeL 4 SPUBTPTH
| UJI9ISIM
8ITYSHIOK
UISYJION
02°0 L6°0 ooL'le L*lh 0°es w.w: Lhl 29 Ye1330908

% % /A % % T % % 000,

SUTIOTYD anydng “I8A_°T®) uogIw) *d 8TI3BIOA ysy 9an3STol umuuy o orgey Suthrddng - pautn-desq

(Ten3oy) stehTeuy TeOTUYId] Jed seuuog, ;
o8] R Axysnpul
meﬂ\wwwﬂ uotdoy seyres PUETIIT "N

VIV TVOLLATVNV QELVIHd HLIM STVSOdSIA JIMUVH NIVH

90IS NOILJWASNOD



— 96 —

12°0 gL*L 045 6T L5 LS gh L*6 90/ Te30L g1e0D TIV
GO*0 130 066 6760 LA G ¢ 2¢ 26 1e30] 3seouedo -
G0*0 Lo 0 0654 ¢ 6269 A 544 2*¢ 28 83T8M Yjnog
SpUBTPTH
uI9ysaM
aXTYsSHIOL
uJIay3ION
Ys133008
uot8ay Butlyddng - qewouadp
120 gL 045t 62 0°¢S A4 64 56 Hed, . Te303 pauty-desq
400 160 0se ‘¢s 9°¢Q G*9 Ly A4 (074 937eM Yjnog
c£0 XN} 009° g2 8*Ls hece 64 66 Y62 SPUBTPTH
0 92 049 0¢ AL 2 oS L9 H4 UJIS3S9M
02°0 HEeL ozLtes 6448 4°G¢ T L He eI TYSHIOX
LLeo 60° L cn2t6e L*Lg € 6% 401 262 UIaY3ION
Ys13300¢
mﬁmﬁzo .:Em?m .Hmmxmmuo noﬁmo 1 oﬂmﬁg :m< oazmﬂoz s%m«
. (Ten3oy) sted{euy [BOTUYIR] 1og seuuog | UOTEY Funhrddng - poutj-desq
ST % dT3SAUOq
mmwmmﬂMmﬂ uoiday sares pweTedr N

VIYd TYDILATVNY QILVIZY HLIA STVSOdSIA JANMVW NIVH

I@IS NOILAWASNOOD



- 97 —

T830] s180) IV

Tejo] 3swouedp

saTuM Yjnog

SpUETPTH

L ACLTETY

aatysiIox

uJIeyjJIoN

Yst3309g

uotPey Buihtddng - 3swouadg

Tejo], paut-desq

soTBM Y3nog

SPUBTOTH

uxejsap

aITYSHIOL

uasy3.IoN

UsT33098

%
SUTIOTUD

anyding

/0
*TeA °Ted

%

uoquas) °*4

%
STTIEIOA

ysy

%

8aN3STOU

(Ten3oy) Siskieuy 1eofuyoay,

000,
umuuy

Xod gaUUO],

uotfey ButkTddng - pouty-deaqg

9261/6261

ViIVa TYOILAIVNY QALVIEY HIIM STIVSOdSIA LIUVYH NIVH

JAIS NOILAWNSNOD

gqJ0dxe *oUT I8Y30

uotTsay 88TeS

pueTsJay N






- 99 —

a2 TVIOL
*j°N 2Y3 UT aIaymasTsd
gadeuuoy JaTTRUS
YITh ‘puerdug ‘dI°S
12 ut Krutew pros age ( saayjq0
(44 Layy, °*sproAo paany ( 0920JI0H
v/N 48°0 000 0% 249l 9°0T 2ot 0°S 4T . ~opJjnuew pue d3Y¥d ( BITAIY Y3nog
€0'0 G9°0 000'2¢ 0°2g 0°g 0°L 0°¢ 94 -wayjuy jJo Kfaatjus ( Lusuxsp 3sopM
v/N 660 005'¢e 9°6Q 2°9 2°G 0'¢ 1< jsowTe postadwos ( weujaTp Y3ION
T10°0 00°T 006'2¢ 708 9°Q 0°S 02 2 axe sTany otjsowop ( soueay
20°0 66°0 000'¢¢ v/ v/N 0°9 0°¢ 82 pajaoduit asoyy ( *xn] Aum3Ted
Tond
paanjoeinuel
Bugpniouty
oT38auoq
864 TYIOL
v/N 00°T V/N 0°gS G°Ge Gl 0°6 14 ap1s-s09] puetod
v/N G9°0 v/N 509 012 G*Q 0°0t 2he safen °s BITRIjSNY
v/N 06°0 Y/N 0°¢9 0°Ge 0°4 0°S con 8pTS-833],
‘puerjoog ‘satep °g *v's*n
uotjestuoq.ae)
95T'¢ TYIOL
902 839430
02*o GL*0 00g'9z /N v/N 0°4T 0°g £98'1 uotrdey °F*s ‘°g°D°T°D BYRIISNY
020 05°1 005'ge v/N V/N 0°TT 0°S £€80°'T uotday °*M*S ‘*g°D°E°D *v's°n
% suotilels Jamod
% % % % % % %
auTJIOTYD anydtug 3M/r°A°D | uoqaed g *H °TOA ysy aanjstoy (5000, ) w9110
ssuuog, votjdumsuoy jo seaay Jo £xjuno)

stehTeuy Teotuyoss], TeotdL] ao afeaaay

AIXIaNAday

9L/GL6T ¢ TVOD AFLYCIWI






- 101 —
APPENDIX V

THE PRINCIPAL TECHNIQUES CF COAL CLEANING IN THE U.K.

A large number of techniques have been developed for the cleaning of coal.
The fundamental purpose of such treatment is the reduction in the proportion
of dirt in the saleable product and the separation of coals into homogenous
physical sizes.”" These requirements arise from the demands of the particular
customers; for example, domestic users normally require larger sizes of coal
than industrial consumers, coke manufacturers require coals with lower ash
percentages than power stations, etc.

The principal techniques for coal cleaning, currently used in the U.K. are
described below and some indication of their ability to reduce the sulphur
content given. Further consideration of these techniques will be included in
Part II of the study.

JIGS AND LAUNDERS

The simplest type of coal preparation plant uses the differential settling
rates of coal and the heavier shales and pyrites. In a flowing current of water,
either upward or horizontal, this will result in solids of different specific
gravities being found at different places in the stream. This simple principle
led to the use of trough washers using horizontal water flows, upward current
washers and combined flow washers. These techniques are not in general modérn
use, due to relatively high losses of coal in the discard.

Jig washers use a rather more elaborate version of this method, utilising
pulsating water currents. In this, stratification of the different density
elements is achieved by alternate upward and downward currents of water produced,
in modern jigs, by pulses of compressed air.

The Baum jig is a modern example of this technique which is widely used in
the U.K. This jig is limited in operation to separating above 1.6 specific gravity
and is used to treat a wide size range of coals. It is expected that effective
pyrite separation occurs only at densities lower than this and the Baum jig is not
normally considered as a method of removing pyrites.

DENSE MEDIUM BATHS

This technique directly uses the different densities of coal and dirt by
immersing the raw coal in a liquid with a density intermediate between coal and
dirt. The coal then floats and separates from the dirt, which sinks. Although
some experiments have been made with heavy organic liquids, all practical methods
use solid suspensions in water to achieve the intermediate density. Most U.K.
systems Use magnetite which has the advantage of being high density, stable and
easily recoverable by magnetic methods. It is, however, fairly expensive and the
losses of magnetite contribute to the High cost of dense medium systems relative
to Baum jigs.

The various dense media baths are all restricted to the cleaning of coarse
coals, normally above about 10mm. They are not therefore suitable for sulphur
reduction on most coals.

DENSE MEDIUM AND WATER CYCLONES

Cyclones for the separation of coal and dirt are normally used with dense
media, the effect being to separate particles as in static dense media baths
but with greatly increased settling speeds. This enables fine coal to be
treated down to the bottom limit of about 0,.5mm, this limit being set not by
the limitations of the cyclone but By the difficulties of recovering the

magnetite/
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magnetite medium from smaller sizes. The top size suitable for dense-media
cyclones is about 5Omm. :

The dense-medium cyclone enables a cut to be made down to 1.3 specific
gravity with a high degree of control. It is gaining favour as a washing
technique, despite its high operating costs relative to jigs, due to this
virtue and to the rather lower coal losses. The ability to separate low
densities make this one of the preferred methods of reducing sulphur content.

Cyclones using a water medium (so called hydrocyclones) which separate
particles essentially on the basis of mass are likely to be a good method of
separating finely pulverised coal from pyrites though they would be relatively
ineffective in removing shale and other dirt. They may therefore be used as an
alternative to Tables in multi-stage sulphur reduction techniques.

FROTH FLOTATION

Froth flotation (FF) depends upon rather different effects than those
considered above, i.e., upon the surface properties of the different particles.
The dirt content tends to be wetted more easily than coal. As a result, air
bubbles stick more firmly to coal than dirt. FF uses this by frothing a fine
coal slurry and separating off those particles that rise with the froth. These
consist mainly of clean coal. FF is useful for cleaning fine coal less than Zmm
in size and is normally used as a subsidiary circuit in a coal preparation plant.

Pyrites have similar surface properties to coal and FF cells are not efficient-
at separation of pyrites in their normal operation. Some separation is observed
but this is largely due to the frothing cell acting as a simple gravity separator.
Indeed a major part of pyrite separation can be observed to occur in the
conditioning tank, often installed before the actual frothing cell to allow
enhancement of the surface properties. Separation is effected in the cell by
those coal particles with a high proportion of pyritic content being weighed down
by the pyrites relative to cleaner coal particles. This distinction is void below
- 150 am size when a single air bubble will buoy up a particle irrespective of
specific gravity.

The selective rejection of pyrites requires the use of a two-stage process

in which, in the first stage, coal is floated and dirt removed and a second stage
in which pyrite is floated and coal depressed by the use of a chemical depressant.

This technique has been tested by the US Bureau of Mines and is reported to
be efficient at removing pyritic sulphur. It is not yet in commercial operation.

CONCENTRATING TABLES

The concentrating table is an alternative of cleaning fine coal, but is not
widely used in the U.K. The fine coal is fed on to one corner of a rhombus-shaped
table along which run a series of rectangular strips parallel to the long side.
The table is agitated in a slightly inclined plane in a differential manner;
moving away at a relatively slow speed and returning much faster. Feed water is
passed on to the table all along one side. As a result of these motions, the coal
and dirt are separated with the clean coal discharging along the long open 51de
and dirt discharging along the short side.

Tables have been used for washing coal up to 10 mm in size but would not be

considered for sulphur reduction at such a size. At sizes below lmm, however, they
could be used to remove pyrites, in a multi-stage system.

PNEUMATIC
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PNEUMATIC SEPARATORS

These techniques have been rendered obsolete by the wet nature of present
day raw coals. The high cost of pre-drying the coal has ruled out their
consideration for sulphur reduction.
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NATIONAL HEADQUARTERS

Hobart House, Grosvenor Place, London, SW1X 7AE

Telephone: 01-235 2020

SALES REGIONS

SCOTTISH

Greenpark,

Greenend,

Liberton,

Edinburgh, EH17 7PZ
Telephone: 031-664 1461

NORTHERN

Coal House,

Team Valley,

Gateshead,

Tyne West NE11 0JD

Telephone: Low Fell 878822 STD 0632

YORKSHIRE

Consort House,
Waterdale,

Doncaster,

Yorks. DN1 3HR
Telephone: 0302-66611

AREA HEADQUARTERS

SCOTTISH

Greenpark,

Greenend,

Liberton,

Edinburgh, EH17 7PZ
Telephone: 031-664 1461

NORTH EAST

Coat House,

Team Valley,

Gateshead,

Tyne West NE11 0JD
Telephone: 0632 878822

NORTH YORKSHIRE

P.0. Box 13,

Allerton Bywater,

Castleford WF10 2AL

Telephone: Castleford 6511 STD: 09775

DONCASTER

St. George's,

Thorne Road,

Doncaster DN1 2JS

Telephone: Doncaster 66733 STD: 0302

NORTH WESTERN

Anderton House,

Lowton,

Warrington,

Lancs. WA3 2AG

Telephone: Leigh 72404 STD: 05235

MIDLANDS

Eastwood Hall,

Eastwood,

Nottingham, NG16 3EB

Telephone: Langley Mill 66111 STD: 07737

BARNSLEY

Grimethorpe,

Nr. Barnsley S72 7AB

Telephone: Barnsley 710000 STD 0226

SOUTH YORKSHIRE
Wath-upon-Dearne,

Rotherham S63 7EW
Telephone: 873331 STD: 0709

WESTERN

Staffordshire House,

Berry Hill Road,

Stoke-on-Trent 48201 STD: 0782

NORTH DERBYSHIRE
Bolsover,

Nr. Chesterfield S44 6AA
Telephone: 822231 STD: 0246

NORTH NOTTINGHAMSHIRE
Edwinstowe,

Mansfield,

Notts. NG21 9PR

Telephone: Mansfield 481/9 STD: 0623

SOUTH WALES & WEST OF ENGLAND
Coal House,

Ty Glas Avenue,

Llanishen,

Cardiff, CF4 5YS

Telephone: Cardiff 753232 STD: 0222

LONDON & SOUTHERN
Coal House,

Lyon Road,
Harrow-on-the-Hill,
Middlesex HA1 2EX
Telephone: 01-427 4333

SOUTH NOTTINGHAMSHIRE

Bestwood,

Nottingham NG6 8UE

Telephone: Nottingham 273711 STD: 0602

SOUTH MIDLANDS

Coleorton Hall,

Coleorton,

Leicester, LEG 4FA

Telephone: Ashby-de-la-Zouch 3131 STD 05304

SOUTH WALES

Coal House,

Ty-Glas Avenue,
Llanishen,

Cardiff, CF4 5Y2
Telephone: 0222 753232



PART 2

Technical/economic evaluation of the methods
to diminish emissions

D.W. Gill and R. F. Littlejohn
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SUMMARY

The potential air pollutants sulphur dioxide, nitrogen oxides, suspended
particulates and trace elements arising from the projected use of coal in
the United Kingdom up till the end of the present century are examined in
turn, and the present and future environmental impact is estimated, taking
into account expected developments in pollution control techniques. The
cost and effectiveness of extra pollution control measures in addition to
those now used are assessed and also the energy requirements for operation
of control measures. Costs of existing anti-pollution measures are not
considered. The problems of disposal of solid waste and liquid effluents
resulting from air pollution control processes, and the time-scales for
availability of processes are also discussed.

Pollution control measures may take the form either of dispersion from
high chimneys to reduce ground level concentrations, or of reduction in
quantities emitted. It is shown that the operation of the U.K. "tall-stack"
policy results generally in adequate dispersal of pollutants from power
stations and industrial sources, and the ground-level concentrations of
potential pollutants from power generation and from most industrial coal
combustion plants governed by the "tall-stack' policy are well below levels
that are believed to cause risk of harm to health and the environment.

The contribution to ground-level concentrations resulting from these high-
and medium-level emitters is small in comparison with those from low-

level sources, except for a few areas where there is a high concentration

of industry burning coal or fuel oil. Pollution control measures aimed at
decrease of emissions can be grouped roughly into those that are applied to
the fuel before combustion, those that are applied during combustion, and
those applied to the combustion effluent gas. The report attempts to assess
the effectiveness of such measures in relation to their financial, energy
and environmental costs.

Treatment of coal before combustion would normally be carried out at
or close to the colliery, although magnetic separation of pyrites for
sulphur removal might more conveniently be performed at power stations on
the pulverised coal before it enters the furnace. Using extensions of
existing techniques for coal cleaning only a small reduction in sulphur
content, of less than 15% on a thermal basis, is predicted, but for more
accurate predictions data for a much larger number of coals than the five
used for this study would have to be taken. The use of novel physical or
chemical coal cleaning processes in the U.K. is unlikely at least until the
end of the century, although recent research has suggested that such
processes could give much greater sulphur reduction.

Towards the end of the period covered by the study, coal conversion
processes may possibly account for a significant market for coal use,
with the largest outlet probably being in production of substitute
natural gas (SNG) for distribution through the national gas grid to homes,
public buildings, offices and factories. SNG would be cleaned so as to
contain negligible amounts of sulphur compounds, and its combustion would
be relatively non-polluting apart from some nitrogen oxides. Some coal
gasification plants supplying local industrial complexes may also be
constructed during the period under consideration.
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The principal systems for pollution control during combustion are
likely to, be fluidised-bed combustion with limestone addition in
industrial boilers, (up to 90% sulphur retention), and modification of
combustion conditions for NOy reduction in power station boilers.

Neither of these is likely to be implemented unless made necessary by

the imposition of emission limits. Fluidised bed combustion is expected
to be used, with or without limestone addition, for industrial boiler and
drier firing, and there is evidence that even without limestone addition,
on average 30% of the sulphur in the coal is retained, compared with only
10% retention usual for conventional coal-burning appliances. Combustion
control modifications in power station boilers could reduce NOy emissions
by an estimated 20%, or more, depending on existing boiler design.

On the present evidence it is considered that the '"tall-stack"
policy satisfactorily controls the effects of pollutant emissions from
power stations and industrial sources. If, however, in the future
legislation were to be introduced making some form of sulphur dioxide
emission control necessary, the process most likely to be used initially
in the U.K. electricity industry is a regenerative flue gas desulphurisa-
tion (FGD) process, which produces only small amounts of solid or liquid
wastes, most of the sulphur being recovered in potentially useful form as
sulphur or as sulphuric acid. The process costed (Wellman Lord) would
add 25 to 30% to generation costs for a reduction in sulphur dioxide
emissions from power plant of 90%. It is unlikely that FGD will be used
on smaller plants to any great extent. For the long term, coal gasification
in association with combined cycle power generation is being studied.

Processes have been developed to the pilot plant stage, mainly in
Japan, for the removal of nitrogen oxides from flue gases, but there is
little experience of these on gases from coal combustion. Dry processes
appear to be more fully proven than wet processes, and some FGD processes
could be modified to remove NOy as well but this could be even more
expensive. If the modification were to call for an on-site chlorine
dioxide or ozone generator the modification could be an expensive one,
and it would also reduce the yield of recovered sulphur.

Improvements in particulate removal techniques are expected. As new
power stations are built, highly efficient dust arrestor plant (up to
99.5% removal) will be more widely employed and older, less efficient plant
phased out. Some reduction in emissions from other industrial users of coal
can be expected as a result of developments in dust removal techniques, and
this could make possible the introduction of more stringent emission
standards. The introduction of additional smokeless zones is expected to
result in a reduction of approximately 50% in low-level emissions in 2000,
compared with the estimate given in Part 1 of the study.

Trace elements are emitted to the atmosphere either as vapour
(chlorine, as HCl, mercury and selenium) or contained in solid particles
which escape collection in the dust arrestors. Some elements become
concentrated on the fine particles present in the flue gas, and the
extent of this concentration is expressed as an enrichment factor, i.e.
the concentration of the element in the fine particles divided by its
concentration in the coarse ash particles deposited in the furnace.

In many published papers, and in this report an enrichment relative to
concentration in the whole coal ash is used.
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Measured enrichment factors are used, in conjunction with stack dust
loadings and experimental measurements of plume dispersal, to estimate the
ground level concentrations of some toxic elements present in airborne
particles. Measurements at ground level have shown that the elements
considered are all present in much lower concentrations than could give
cause for concern.

There are grounds for believing that, if necessary, the content of
most trace elements could be substantially reduced by washing of crushed
coal at a relative density of 1.6, but no data are available for British
coals.
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Introduction

This report forms the second part of a two-part study carried out
by the NCB for the Environmental Directorate of the Commission of the
European Communities. Part 1 (1) examined the present and future patterns
of coal production and consumption in the United Kingdom and the effects of
these on the possible future emissions of atmospheric pollﬁtants without
taking into account any reductions in emission factors which might result
from technological developments.

In this report, developments in the technology of pollution control_ are
reviewed in relation to the use of coal in the United Kingdom, and estimates
are made of the extent to which new control processes might be applied in
the U.K. up till the year 2000, and of the cost and effectiveness of such
processes. Other adverse environmental effects resulting from measures to
reduce atmospheric pollution are also taken into account, but no attempt is
made to cost these, except where it is possible to estimate the cost of
preventing such secondary environmental effects. Only emissions from the
use of coal are dealt with, the large contributions of other fuels,
especially oil, being ignored. A great deal of expenditure is already
incurred in the removal of particulate matter from coal combustion gases,
and this expenditure is not included. Only anticipated technological
improvements in particulate removal are considered.

The views expressed and the conclusions reached are solely those of
the authors, based on the evidence available at the time of preparation of
the report, and should not be regarded as committing the NCB or coal users
in any way concerning future action to reduce atmospheric pollution. The
extents to which the various processes referred to in the report are likely
to be introduced will be influenced by many factors, especially by legisla-
tive measures and by future technological and economic changes that may alter
the effectiveness and cost of individual processes.

Where costs of pollution control processes have been converted from
costs given in prior publications relating to construction and operation
of plant in other countries, there are several sources of uncertainty. As
far as possible, cost conversion has been dpne by converting the costs to
March 1979 costs in the currency of the country of origin, and then
converting to British currency at March 1979 conversion rate. It cannot
be stressed too strongly that costs produced in this way do not reflect the
changed standards of construction and operation that would be necessary if
the plant were to be built in the U.K. The determination of costs to take
account of varying requirements (safety, labour, environment, etc.) would
have taken far too long to allow it to be done for every process referred
to in this report, but where estimates are available for U.K. location
these have been included. ‘

Where it has been necessary to estimate the change in capital cost
on scaling up a plant, a 2/3 power factor has been used but it is reéognised
that this may in many cases be an over-simplification. For the up-dating of
costs to March 1979 levels, extrapolated Chemical Engineering Plant Cost
Indices have been used for USA costs, and a cost of living index for other
countries. The conversion factors used to correct to March 1979 costs for
six countries are shown in Table 1.

All costs quoted in the report, except where stated otherwise, are
at March 1979 values. ’

Except where stated otherwise, coal quantities refer to the coal as
delivered, i.e. with average moisture and ash contents.
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TABLE 1

Factors Used for Converting Costs to March 1979 Values

Country
Year(l)
Canada(z) France(B) w. Germany(S) Japan(Z) U.K.(4) U.S.A.(5)

1965 2.70 2.24 1.58 1.80 3.67 2.12

6 2.58 2.19 1.57 1.76 3.58 2.05

7 2.55 2.21 1.58 1.72 3.58 2.02

8 2.50 2.24 1.58 1.72 3.27 1.98

9 2.37 2.02 1.57 1.69 3.17 1.92

70 2.35 1.88 1.49 1.62 3.01 1.84

1 2.33 1.84 1.43 1.63 2.76 1.75

2 2.18 1.76 1.39 1.62 2.62 1.69

3 1.78 1.54 ’ 1.31 1.40 2.45 1.61

4 1.4€ 1.19 1.15 1.07 1.97 1.40

5 1.37 1.26 1.10 1.03 1.61 1.27

6 1.31 1.18 1.06 0.98 1.37 1.20

7 1.21 1.11 1.03 0.96 1.14 1.1

8 1.10 1.06 1.02 0.98 1.05 1,06
Notes

1. Average for calendar year

General wholesale price index (W.P.I.)

Industrial products W.P.I.

Finished goods W.P.I.

Based on C.E. Plant Cost Index, 1970-77, otherwise general W.P.I.

O WN

In March 1979, £1 was worth the following:

2.39 Canadian dollars; 8.74 French francs; 3.79 Deutschmarlk.:; 420.7 Yen
and 2.04 U.S. dollars.
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Alleviation of the effects of sulphur oxide emissions

2.1 Introduction

The data on market disposals given in Appendices 1 and 2 of Part 1
of the present study 1) use the following groupings: power station,
carbonisation, industry and miscellaneous, domestic including coal supplied
to manufactured fuel plants, and other disposals including exports.

In this section, the emissions of sulphur oxides, mainly consisting of
sulphur dioxide, S0,, resulting from the use of coal in each of these market
sectors will be considered, with particular-reference to the need for
reduction in sulphur dioxide emissions in order to conform with possible new
legislation for protection of the environment, and to the costs and other
consequences of sulphur removal processes.

Towards the end of the century, it is likely that in addition to the
above uses coal may be beginning to be used for the production of substitute
natural gas, as a household fuel. At about the same time, new uses for coal
may be arising in the production of feedstocks for chemical manufacture and
for liquid fuels mainly for use in transport. These will represent new
markets for coal, but the market penetration is not thought likely to be
large during the present century, although a substantial research effort is
already in progress in the U.K. and in other countries. No account is taken
in-the calculations in this report of pollutant emissions from these new uses.

The "industry and miscellaneous" sector includes, besides small and
medium-sized boiler plant, certain industrial coal-fired furnaces, cement
kilns and brickworks. Although oil-firing has to a large extent taken over
these former uses for coal, there are prospects of a switch back to coal
as reserves of o0il become depleted from about 1990 onwards.

Section 2.2 discusses the dispersal of sulphur dioxide by controlling
the height of emission, which is the current procedure for all except very
small coal and oil using plants in the U.K. The ground level concentrations
of sulphur dioxide resulting from the present procedures are examined and
conclusions are drawn concerning action which might have to be taken to
meet possible future legislation. It is concluded that there are two
possible cases, requiring action of different kinds; these two cases
relate to implementation of two different standards for ambient air quality
laid down in a proposed (but not yet accepted) EEC Directive(2 dealing
with sulphur dioxide and suspended particulates. The first case, in which
strict limits on ambient concentrations would be involved, would require
action in only a small number of heavily polluted areas in order to reduce
sulphur dioxide concentrations, and the action taken could include use
of a low-sulphur fuel or the removal of sulphur during or after combustion
by some industrial users. The second case, to be implemented at the
discretion of Member States, would require the attainment of lower ambient
concentrations (Guide Values). If these were to be introduced in the U.K.,
they would require more drastic action by many coal users to reduce
emissions of sulphur dioxide by a significant fraction.

This section considers the cost and effectiveness of various measures
that could be taken in order to comply with any legislation that might be
introduced in the U.K. that would necessitate the control of S50, emissions,
and compares these with the present tall-stack policy.
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Sections 2.3, 2.4, 2.9 and 2.6 deal with various ways in which c¢mission
lfmits could be met, by sulphur removal before, during or after combustion,
discussing the extent of sulphur reduction possible, the costs, and possible
time-scales for availability. Any adverse environmental effects of their usc
are also referred to.

The costs of sulphur reduction differ with the initial sulphur
content of the coal, and to put the problem into perspective Appendix 1
gives breakdowns of the amounts of coal falling into different ranges ol
sulphur content. The figures relate to the financial year 1977/78 and
are for these markets: power generation, industrial use and domestic
heating, including manufactured fuel plants.

2.2 Disposal by controlling height of emission

2.2.1 Current practice

The method used at present in U.K. for controlling the contribution to
ground-level concentration (g.l.c.) from electricity generating and other
industrial sources(3:4) is to specify the heights of chimneys so that the
maximum contribution to g.l.c. of sulphur dioxide does not exceed some
target value. Different limits may be applied depending on the type of
-locality but a maximum hourly average concentration of 0.5 mg/m3 (17 parts
per hundred million by volume, vpphm) is commonly specified. Monitoring
of ground level concentrations around UK power stations has shown(5'6) that the
maximum g.l.c. resulting from the power station chimney emissions very
rarely exceed this value. The regulations on chimney design include )
recommendations about efflux velocity, gas temperature and measures to
prevent downwash of the plume. Statutory Authorities can also require
emissions from neighbouring sources, wind eddies around large buildings in
the vicinity and other locally important factors to be taken into account
when the height of a new chimney is calculated.

The maximum average concentration over any period of time depends on
the length of averaging period. It has been estimated(7) that if C is the
-maximum 3-minute g.l.c.resulting from a large single source, then the maximum
hourly concentration will be C/,, the maximum daily concentration C/1p and
the maximum yearly concentration C/100° The maximum daily and yearly
averages are therefore 1/g and 1/gg respectively of the maximum hourly
concentration. Lucas!”) does not define "maximum'', but it is reasonable to
adopt the criterion of the proposed EEC Directive 2), i.e. the value which
is exceeded on 2% of occasions. For a typical power station burning 1.5%
sulphur coal and emitting stack gases with an initial SO0p concentration of
2850 mg/Nm3, the maximum daily average correspondlng to the hourly maximum
of 0.5 mg/m3 will be only 0.083 mg/m 834ug/m ), and the maximum yearly
average will be 0.01 mg/m3 (lO,ug/m3). This represents respectively a
34,000-fold and a 285,000-fold dilution of the stack gas. These dilution
factors have been calculated here because they are useful for estimating
maximum g.l.c. of other flue gas constituents.

The present regulations apply to all installations larger than
0.366 MW (Th).(1.25 million Btu/h) with the exception of heating systems
for commercial premises constructed before 1968. Domestic housing and
other small sources are therefore exempt and it may generally be assumed
that high- and medium-level emissions are subject to sulphur dioxide control
but low-level emissions are not.
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2.2.2 Effectiveness of current practice

The Clean Air Acts of 1956 and 1968 and concomitant regulations have
brought about a manifest improvement of air quality in urban areas of the
U.K. The ground level concentration of sulphur dioxide fell by 50% and
that of smoke by 75% between 1960 and 1975(8) . Some indication of the
importance of the contribution of high- and medium-level emissions to
the present total can be obtained by analysing the daily average 802 and
smoke concentrations which are published by Warren Spring Laboratory(g).
It must be emphasised that this approach can only be considered valid in
a broad, qualitative sense.

Appendix 2 shows such an analysis using data for a 1l2-month period
in 1976/77 for three categories (total of 192 sites) out of the fourteen
used altogether by W.S.L., in which industrial sources can be expected to
contribute substantially to the total atmospheric pollution. The purpose
of the analysis was threefold: (a) to distinguish between contributions
from domestic sources and those from electricity generation plus industry;
(b) to assess changes in ground level concentrations likely to result from
the trends predicted in part 1 of this study, assuming no technological
change; and (c) to estimate the reduction in SO, emission needed, in
addition (or as an alternative) to tall-stack policy in order to meet
possible EEC legislation.

The distinction between domestic and other sources can be obtained
from the long term averages shown in tables A2.2, A2.3 and A2.4. Domestic
emissions are seasonal, reaching a maximum in mid-winter and falling to
an insignificant level in mid-summer. The magnitude of the difference
between the summer and winter averages therefore gives an indication of
the relative importance of contributions from low-level sources to the
gle!s at any site, or any group of sites. The data is summarised in
Figures 1, 2 and 3.

Changes in the contribution of each type of source to ground-level
concentrations will depend mainly on the quantities and sulphur contents
of fuel burnt, but also on the rate of replacement of older power stations
by new ones.(l?he quantity of SO, released from domestic heating sources
is predicted on the basis of existing practice to decrease from
324,000 tonnes in 1975/6 to 175,000 tonnes in 1985 and then to remain
constant until the end of the century. The corresponding reduction in
average ground level concentration would be about 10,1ug/m3 (but considerably
more in densely populated districts).

The change in emissions from electricity generation and industrial
usage of coal between 1975/76 and 2000 implied by the trends predicted in
Table 3 of Part 1 of this study(l) would be from 2.4 million tpa to 3.4
million tpa. However, it is assumed that all of the increase in the
industrial use of coal, except for an annual energy growth(lo)of about 1%
in the industrial sector is accounted for by conversion from o0il to coal
firing. The average sulphur content of industrial coal (Table 2 of
reference 1) is 0.53 kg/GJ, and that of an average fuel oil is 0.66 kg/GJ,
so that the change from oil to coal should result in a 28% decrease in S0,
emissions per unit of heat release (allowing for a 10% sulphur retention in
coal ash). Over the period of years during which conversion from oil to
coal is expected to proceed, the reduction in emissions from this cause
would approximately counterbalance the increase in emissions due to the
energy growth rate, if no new technology were introduced,resulting in a
small net decrease. :
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High-level emissions from coal combustion are expected (Table 4 of
reference 1) to increase by 473,000 tonnes of S0o per annum between 1975/76
and 1985, and then to fall slightly up till the end of the century.
Continuation of the present tall-stack policy would mean that these changes
would have little effect on ground level concentrations of sulphur dioxide,
apart from the improvement referred to earlier as older power stations go out
of service and are replaced by newer ones meeting higher standards.

Taking all the above considerations into account, the ground level
concentrations at sites in the three categories studied are expected in
the year 2000 to be on average reduced by 12.5% of their 1976 values, if
no desulphurisation measures were to be adopted. The main factor effecting
this reduction is the change in low-level emissions, but the replacement
of 0il by coal for industrial use,much of it in fluidised bed firing, also
has a small contribution.

2.2.3 Possible future legislation

A proposal for a Directive on ambient air quality has been submltted
to the Council of Ministers of the EEC, but has not yet been accepted
The standards laid down in the current draft relate to sulphur dioxide and
suspended particulate matter; those on sulphur dioxide are as follows,
(Annex 1 of Directive):

(i) For the whole year, median of daily means not to exceed:
BO’ug/m3 if median smoke concentration is more than 40,ug/m3,

or 120 nug/m3 if median smoke concentration is less than 40 ug/m3.

(ii) For October to March, median of daily means not to exceed:
130 ug/m3 if median smoke concentration is more than 60 ug/m°>,

or 180,ug/m3 if median smoke concentration is less than 60 ug/m3.

(iii) For periods of 24 hours, arithmetic mean SO, concentration not
to exceed 250,ug/m on more than 2% of occasions if the smoke
concentration at the same site exceeds 100)ug/m3 on more than 2%
of occasions; and not to exceed 350,ug/m on more than 2% of
occasions if the smoke concentration is less than 100 ug/m on at
least 98% of occasions. ‘

. The Directive also allows that certain zones may be chosen by Member States

" at their discretion, in which more stringent limits, laid down by them, would
have to be met. For these more stringent limits, guide values are indicated
in Annex II of the draft Directive as follows:

(iv) For the whole year, arithmetic mean of daily values not to exceed
40-60 mg/m3.

(v) For 24-hour periods, the arithmetic mean of S0, concentrations
not to exceed 100-150 ug/m3.

It is noted that the proposed limit values in the EEC Directive (Annex 1)
refer to the median values of daily means, whereas the Warren Spring data
are arithmetical averages of daily means. For the U.K. the typical ratio of
arithmetic mean/median for SOp is about 1.6, so that whole year averages
corresponding to the EEC Directive median values are 93 and 139 ug/m3
respectively, depending on whether the average smoke concentration is less
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than or greater than 46/ug/m3. Experience shows that if a site conforms
to requirement (i) on annual average, it will probably conform also to
requirement (ii) on winter average.

Comparing these proposed limits with present concentrations
(Figure 1) shows that at present all B3 sites and most of the C1 and C2
sites have sulphur dioxide annual average concentrations of less than
139 ug/m3. Of the sites where 93 ug/m3 is exceeded, only four sites have
smoke concentrations so high that the lower 802 limit of 93,ug/m3 is
operative. The anticipated reduction in ground level 50, concentrations
resulting from extension of the number of smoke control areas will mean
that only at a very few heavily populated areas, or areas where there is a
preponderance of older, heavily polluting industrial plants, will the
standards listed in items (i), (ii) and (iii) of the draft EEC Directive
be exceeded. Smoke concentrations will drop further during the remaining
years of the century, as more smokeless zones are declared, and this will
mean that most districts would be subject to the 139/ug/m3 annual limit.
There is likely to be more difficulty however in meeting the proposed
daily limits in some densely populated areas.

If the 40)ug/m3 S02 limit were to be widely applied, however, only
about 15% of industrial areas would conform without the introduction of
special measures to curb sulphur dioxide emissions from combustion
appliances as well as to other SOp-emitting processes. :

2.2.4 Conclusions on effectiveness of tall-stack policy

The following conclusions are drawn:

(1) The emissions from medium- and high-level sources do not at
present result in ground level sulphur dioxide concentrations that
exceed the levels laid down in Annex I of the proposed EEC Council
‘Directive, except for a small number of heavily industrialised
areas (in category Cl). As regards these sources the present tall-
stack policy may be regarded as generally adequate to meet the
limits given in the proposed Directive, although special action may
be needed where there is a high density of small energy users
burning coal.

(ii) If the contribution of low-level sources is also taken into
account, all sites have yearly average SO, concentrations lcwer

than the Annex I limits, except for about 10% of the purely
industrial districts and about 15% of the mixed industrial/
residential districts. The latter percentage is expected to fall
steadily as more smokeless zones are introduced. The daily
concentration limits would, however, be exceeded in a larger

number of urban areas under present conditions, due to a combination
of medium and low-level sources, including emissions of particulates
from motor vehicles and oil firing in commercial premises.

(iii) If the U.K. were to introduce standards conforming to the
guide values given in Annex II of the proposed Directive, a
substantially different approach to SO, control would have to be
adopted in the U.K. It is estimated that emissions of sulphur
dioxide from industry would have to be reduced by between 50% and
75%, and some reduction of emissions from certain power stations
might also be required in order to meet this standard.
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2.2.5 Effects on long range transport of air pollutants

The question of the long range transport of sulphur oxides has not been
considered in the preceding discussion. Some knowledge is accumulating
about the processes governing the drift of atmospheric pollutants across
international boundaries, but there is still very much uncertainty about
the magnitude of environmental effects resulting from the phenomenon. Any
future legislation on ambient air quality will not directly affect the extent
of long range transport of pollution, but it may do so indirectly if it
proves necessary to reduce substantially emissions (including those from
high-level sources) in order to conform to the legislation.

The tall-stack policy has the effect of reducing high local concentrations
of pollutants and distributing them more evenly over the whole country. Thus
the background level of pollutants in country areas is increased slightly,
and the fraction transported abroad by the atmospheric circulation is also
slightly increased when a tall-stack policy is adopted. These increases are
small in comparison with the benefits in reduction of ground-level concentra-
tions and deposition rates near the source. A recent OECD study(ll) estimated
the fraction of U.K. and Ireland sulphur emissions deposited within the
countries of origin to be 0.4 with the remainder being transported outside
the national boundaries, to be deposited over the sea or in other countries.

Adequate dispersal by the use of'tall-stacks is thus the preferred
method of SO, disposal from large plants burning fossil fuels in the U.K.,
but it is nevertheless necessary to evaluate the costs and assess the
practicability of emission controls so that the cost-effectiveness of
alternative courses of action can be compared.

2.2.6 Costs of tall-stack policy

The only cost incurred in using a tall enough stack to give adequate
dispersal of pollutants is that of the excess chimney height over the cost
of the chimney that would otherwise be required.

A new 2000 MW power station would typically have a 200 m high chimney,
and if most of the sulphur were removed, the height could be reduced by an
estimated 15%(12), typically saving £0.75 million.

The only other reduction in cost is that of capital charges (6)4%),
reduction in maintenance resulting from the shorter chimney being negligible.
For a yearly load factor.of 65%, this is equivalent to operating costs of
less than 0.004 p/kWh (E), or less than 0.2% of current generating costs
for high merit stations.

Energy savings due to use of tall-stacks compared with gas scrubbing
are considerable, (see section 2.6.4).

2.3 Sulphur reduction at the point of production

2.3.1 General

The scope for sulphur removal in coal preparation was discussed briefly
in Part 1 of this study(l), where it was explained that the customary coal
washing techniques used for "dirt" removal also remove a proportion of the
pyritic sulphur, but do not reduce the organic sulphur content of the coal.
The proportion of pyritic sulphur which it is possible to remove depends on
the form in which the pyrites is disseminated throughout the coal, and on
the particle size distribution of the coal being washed, and for more
complete removal of the pyrites it is necessary to crush the coal t6 a
smaller top-size before washing.
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The particles removed by washing contain some carbonaceous matter in
addition to inert mineral and pyrites, so thé net effect of cleaning is to
reduce the total yield of fuel (on a thermal basis) in addition to
reducing the ash content of the cleaned coal. When sulphur contents are
expressed on a percentage weight basis it is very difficult to get a clear
idea of the true sulphur reduction, because of the increase in calorific
value of the fuel as a result of washing. In this report, therefore, all
sulphur contents will be expressed on a thermal basis.

One way of obtaining a greater sulphur reduction is to wash at a
lower density separation, using dense medium baths or dense medium cyclones.
This means that the rejected material would contain particles which have a
higher carbonaceous content than usual, but contain a higher proportion of
the mineral matter present in the run-of-mine coal. Tipping of this
material as waste would be environmentally hazardous, especially if it had
a high pyrites content, due to risk of spontaneous combustion; 1t would
also make excessive demands on land for disposal and would be very wasteful
of energy because of the large amount of combustible matter rejected. For
this reason washing at a lower specific gravity would probably only be done
in conjunction with a high-density separation at about 1.9 relative density,
producing a '"middlings" fraction which would have to be treated separately,
either by further processing(1’13) or by combustion in an appliance capable
of burning a high sulphur, high ash fuel without emitting large amounts of
sulphur dioxide.

Little research has been carried out in the U.K. into new physical
or chemical processes for coal desulphurisation, although a number of
processes have been explored in the laboratory in the U.S.A., and some
have been tried out on a larger scale. None is yet approaching the stage
of commercial use, but it is considered that there is a distinct possibility
that between now and the end of the century at least one of the new
processes will be proved sufficiently promising to warrant more extensive
testing on a large scale. Until this point is reached it is not possible
to make more than very rough estimates of the costs or the time-scale for
availability. ' -

Chemical methods have the potential for removing organic sulphur,
and can therefore give greater sulphur reduction than physical methods.
For example, Battelle's Hydrothermal process (a sodium hydroxide treatment)
is reported(14) to take out 70% of the organic sulphur as well as most of
the pyritic. They have possible drawbacks however, namely rather expensive
treatment plant and secondary effects on combustion of the coal: where
sodium hydroxide is used, the coal must be completely freed of residual
alkali to avoid corrosion of superheater tubes. Bacterial desulphurisation
looks promising, but because the process is very slow, large containment
volumes would be needed for the treatment, and disposal of the sulphur-
containing product (ferric sulphate solution) would present problems. At
present it seems unlikely that any such processes will be in use on a
large scale in the U.K. before the year 2000, and therefore they are not
included in the detailed cost estimates.

(15)

One interesting possibility should, however, be mentioned; that is
the development of a physical process which could be applied to the dry,
milled coal as prepared at power stations for injection into the furnaces.
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This would avoid the difficulty encountered in most wet processes using
finely divided coal (as necessary for a good release of pyrites), namely
the need for thermal drying in order to make the treated coal easily
handleable. Since the coal is normally pulverised at the power station,
it makes some sense to insert a desulphurisation stage between milling
and firing. Magnetic separation of pyrites(16’17’18 is a possible
technique, but up till now most of the development has been with coal
slurries. A target figure for sulphur reduction by magnetic separation,
applied to a 2% sulphur coal, would on the basis of published data
appear to be 30 to 50% reduction in total sulphur. Most development work
has been with coal/water slurries, and attempts to separate in air
dispersions of coal have been less successful

Rough estimates of the likely operating costs for magnetic
separation of pyrites suggest that they could be considerably less than
the 100% of the raw coal cost which was estimated for chemical processes,
(Section 6.8 in reference 1), and would probably not exceed 10% of the
raw coal cost. The true cost will depend to a large extent on the use
that can be made of the coal rejected along with the pyrites. The amount
of combustible matter rejected is expected to vary widely from one coal to .
another for a giveh sulphur reduction, and more precise costing at present
is not yet possible.

2.3.2 Processes examined in detail

The modifications to the present coal preparation procedures which
have been studied for evaluation of financial and energy costs are the
following:

(i) Cleaning of a greater proportion of power station coal, (up
to 100% of the coal supplied for electricity generation),
which would mean a reduction or cessation of supplies of
untreated and blended coals to the CEGB.

(ii) Washing of all power station and industrial coal at a lower
specific gravity than at present.

(iii) Washing at two specific gravity separations, with and without
further crushing and cleaning of the middlings to produce a
clean fraction for combination with the product from the low
gravity wash.

Full details of the study are given in. Appendix 3, but the following
paragraphs contain general discussions of each of these changes in turn.

(i) Cleaning a greater proportion of power station coal

In 1975/76, the coal supplied to the U.K. electricity industry for
power generation comprised 5.2% washed smalls,.57.1% blended smalls and 35.1%
untreated smalls, the remainder being graded coal, large coal or other types
of coal (see Appendix II of reference 1). The reason for the multiplicity of
types is that the principal requirement of the electricity industry is for
a coal of consistent calorific value and ash content (about 16%), with
additional restrictions on ash and coal composition in order to avoid slagging
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Low sulphur content

is not at the present

time an over-riding consideration, although the cleaning carried out by the
NCB does effect a considerable reduction in sulphur content on a thermal

basis (see Table 2).

The reason why it is necessary to wash or partly wash

some coals and not others is because the coals differ in their washability
characteristics - whereas washing of one coal might only reduce the ash
content to about 16%, the ash content of another may be reduced to as little
as 7 or 8%,requiring it to be blended with unwashed coal to give the agreed
ash content for power station coal.

TABLE 2

Preparation of power station coal; estimate

of present procedure bhased

on a sample

of five seams (Appendix 3)

Seam No.

A B C D E Average
Tonnes raw coal/t.product 1.45 1.22 1.23 1.30 1.59 1.19(a)
Tonnes discard/t.product 0.45  0.22 0.23 0.30 0.59 0.2013)
Energy loss in discard '’ 12 2 12 10 16 6.2 (a)
Combustible content of 22.7  15.2 41.5 27.4 21.5 25,7 (d)
discard,%
Sulphur in raw coal,g/MJ 0.63 0.67 0.64 0.66 1.35 0.79
Sulphur in product,g/MJ 0.53  0.57 0.47 0.59 1.11 0.65
Sulphur removed, g/MJ‘¢) 0.10  0.10 0.17 0.07 0.24 0.08'2)
Sulphur content of discard,% 1.10 1.60 2.81 1.25 2.06 1.76(d)

(a)
(b)
(c)
(d)

Weighted average for all disposals to electricity industry (see text).

As a percentage of energy in product.
g sulphur per MJ in raw coal minus g sulphur per MJ in product.

Average for discard produced in preparing coal for power stations

Percentages calculated on dry basis.

C.V. of dry coal 27.0 MJ/kg
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Table 2 is based on data for 5 coals (full results are given in
Appendix 3). One of these coals had an ash content of the desired level
after washing, and would therefore be sold as a washed smalls. The
other four would be classed as blended smalls. The averages in the final
column of Table 2 are weighted averages, calculated from the 1975/76
figures for disposals reported in reference 1, (Appendix II), namely 4.0
million tonnes of washed smalls, 41.8 million tonnes of blended smalls and
25.7 million tonnes of untreated smalls. The figures in the final column
therefore refer to the average for all coal supplied to the CEGB, but the
variability of the coals is well illustrated by this example, and study of
a much larger number of coals will have to be carried out in order to get
a reliable estimate of the overall picture.

There appears to be no fundamental reason why the U.K. electricity
industry should not be supplied with coals of lower ash content, provided
they can be burnt without serious slagging or corrosion of tubes, but
this would require careful consideration of each individual case. There
would be other incidental benefits such as reduced transport costs,
reduced ash disposal costs and possibly less boiler tube erosion, although
only the first of these (transport costs) has been taken into account in
the costings.

The total reduction of sulphur dioxide emissions, together with
financial and energy costs and the additional amount of discard which
would have to be disposed of are shown in Table 3. Additional washery
capacity would be needed (capital costs), and the productioncosts include
charges on this capital expenditure. The sulphur reduction is not great:
only about 4% reduction in sulphur content per unit of energy in the coal.

(ii) Washing all power station and industrial coal at a lower
specific gravity than at present

Considerable difficulty is encountered in estimating the effects
of this change over the whole range of British coals. As with the case
of magnetic separation discussed earlier, different coals will have widely
differing characteristics in regard to effectiveness of sulphur removal,
loss of combustibles etc., and although some guidance can be obtained by
laboratory float and sink tests, the behaviour of a coal in a production
washery is not always the same as predicted on the basis of the laboritory
test. This is because the latter cannot accurately simulate conditions
in the plant; for example, the coal is subject to breakage as it goes
through the plant.

For the purpose of the present study, five coals (selected to be
as far as possible representative) have been examined, and estimates have
been made from the results on these coals of the probable sulphur
reduction if all power station and industrial coals were treated similarly.
The accuracy of these estimates will therefore depend on the degree to
which the coals studied are representative of the average behaviour
of all coals.

The coals selected as a basis for the study are described as seams
A to E, and are the same coals as those referred to in Table 2.
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TABLE 3

Costs and effectiveness of washing all

power station

coal

(1977 production level)

Seam Number
A B C D E Averaég)

Tonnes discard per tonne product 0.54 0.37 0.27 0.39 0.59 0.43
Extra discard per tonne product,t. 0.09 0.15 0.04 0.09 0 0.07
Energy loss in discard(b) 15 6 14 14 16 13
Sulphur in product coal, g/MJ 0.51 0.51 0.45 0.57 1.11 0.63
Extra sulphur removed, g/MJ\S) 0.02 | 0.06 | 0.02 | 0.02 | © 0.024
Capital cost of extra plant £1O(6) - - - - - 96
Extra production costs, p/tonne(d)(f) - - - - - 25.5
Cost of coal loss, p/tonne(d)(e) 35 49 30 45 0 32
Capital cost to CEGp'8'(Mg1o(6) - - - - - 1.9
Operating cost to CEGB(h) p/kwh - - - - - 0.0002

" " " " p/tonne(d) - - - - - 0.5
Total additional costs, p/tonne(d) - - - - - 26.0
Saving on transport, p/tonne(k) 11 25 3 12 0 10
Net additional costs, p/tonne - - - - - 16.0

(a)
(b)
(c)

(d)
(e)

(f)
(g)
(h)

Arithmetic mean for coals A to E.

As a percentage of energy in product.

g sulphur/MJ in present product less g sulphur/MJ in product from 100%

washing.

pence per tonne of all disposals to CEGB.

cost in excess of that incurred by present cleaning, based on a 1979
coal cost of £21/tonne excluding transport.

at 20% of capital cost per annum.

cost of increased electrostatic precipitator capacity.

calculated on sulphur distribution shown in Table Al.l, and assuming

a universal sulphur reduction of 0.05% (0.024g/MJ).

assumes an average transport cost of £2.50/tonne.

. of dry ash-free coal 33.5 MJ/kg
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Predicted reduction in sulphur dioxide emissions, energy losses and
costs are shown in Table 4. Also shown in Table 4 are estimates of
the increase in annual production of discard material at washeries, as
compared with the annual production of discard if present coal preparation
procedures were continued unchanged.

(iii) Washing at two specific gravity separations

This option is basically the same as (ii), but differs in that
instead of throwing away all the coal floating between specific gravities
of 1.4 and 1.9, this would be separated as a "middlings" fraction, which
would be sold for combustion in appliances equipped for sulphur retention,
or would be treated further at the washery in order to extract as much
sulphur and as little coal substance as possible. This clean component
of the middlings would be recombined with the main fraction of clean
coal. In order to allow good separation of the pyrites from the
middlings it would be necessary to crush them further, and in the
study crushing to a top size of 3 mm was assumed, followed by froth
flotation or concentrating table treatment. The average sulphur
reduction of 0.052 g/MJ represents 8% of the level resulting from
present preparation procedure.

The fine, wet, clean component would be difficult to dry
sufficiently to make it safe to blend with the clean coal without
introducing the risk of handling problems. Thermal drying of the fines
may therefore be necessary with many of the coals so treated.

Costs have been estimated for three variations of this process:
sales of middlings separately for combustion in special appliances;
further treatment of middlings at the coal preparation plant, without
thermal drying; and further treatment of middlings with thermal
drying. The costs are shown in Tables 5, 6 and 7, along with the
increase in amounts of discard produced at the washeries. It is
assumed that the middlings would have to be offered at a 30% discount
in order to provide an incentive for their non-polluting use. It
has been estimated (see Section 2.6.5) that flue gas desulphurisation
in a U.K. power station would add 25% to 30% to electricity
generation costs.
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TABLE 4
Consequences of washing all power station coal(a)
(Data from Appendix 3)
Year 1985 1990 2000
High-level SO2 emissions, 103 tpa 2383 2311 2259
Reduction in emissions by increased 47 92 90
washing, 103 tpa
Increase in discard production, 103tpa 3.9 7.6 7.4
Increase in energy loss(b) % 0.7 1.4 1.4
. 6 (c)

Extra capital cost, £10 57 113 113
Extra net production cost, £106/annum 7.1 14.1 13.8
(a) Assumes that 507 of the extra washery capacity could be

installed by 1985, and all of it by 1990.
(b) As a percentage of total energy input to power stations.

(c) Total cost incurred between 1980 and relevant year.
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TABLE 5

Three product separation, middlings sold

at 30% discount

(

a) (thermal basis)

Coal seam No.

A B C D E Average
vield Ofcngdllngs’ £/t clean 0.255 | 0.104| 0.611 | 0.250 | 0.347| 0.313
C.V. of middlings, MJ/kg 21.6 23.7 22.1 22.2 23.8 22.7
S content of middlings, g/MJ 0.97 1.04 0.52 0.82 1.89 1.05
C.V. of clean coal, MJ/kg 29.4 30.3 29.2 29.4 28.0 29.3
S content of clean coal, g/MJ 0.46 0.48 0.43 0.54 0.93 0.57
Total coal output, clean coal value(b) 1.14 1.06 1.35 1.19 1.29 1.21
Increased waste, t./t. clean 0 0.027 | -0.044 | 0.003 | -0.028| -0.008
coal valuefc)
Capital cost of extra plant,(g)
6 - - - - - 651
£10
Extra production costs,p/tonne(d) - - - - - 234
Increase in clean coal cost,
(e) - - - - - 9.0
p/GJ
Estimated high-level emissions
in 1990(f) - - - - - 1,780
Estimated hlgh—lgyel emissions _ _ _ _ _ 1,740

in 2000(

(a)

(see section 2.6.5)

(b)

(c)
(d)

Discount is to offset the higher generating

Calculated as 1 + yield of middlings x C.V.

costs with FGD

of middlings x 0.70

C.V.

of clean coal

Calculated at same C.V. as product of present practice

Per tonne of coal delivered to power stations; includes combined

capital charges and maintenance at 20% annually of capital costs

This is the increase in cost per MJ which would be needed to pay

for additional cleaning and discount on middlings, compared with

present practice.

was 2079 p/tonne, or 87 p/GJ

(f)

retention in firing clean coal

(g)

for 3-product separation (1977/78 output level).
new plant for a single density separation would only be about

90% of this

The average cost of power station coal in 1978

Allowing for 90% sulphur retention in firing middlings and 10%

i.e. cost of converting existing plant, or of erecting new plant
The cost of




- 129 —

TABLE 6

Three product separation, with crushing

and further cleaning of middlings for

recombination with

clean coal(@)

Coal seam no.
A B C D E Average

Thermal recover%bof combined 101 97 106 101 103 102

product, 7% )
Reduction in sulphur, g/MJ(C) 0.030 0.065 0.0551 0.042 1 0.069| 0.052
Capital cost of extra plant _ _ _ _ _ 79

£100 (1977 production)
Extra production costs, - _ _ _ _ 30

p/tonne(d)
Estimated high-level _ _ _ _ _

emissions in 1990(e) 24205
Estimated high-level _ _ . _ _

emissions in 2000( ) 2,155

(a) See Appendix 3 for assumptions regarding cleaning of middlings.

(b) As a percentage of thermal recovery from same amount of raw

coal by present washing practice.
(c) Per MJ in product, compared with present preparation procedure (Table 2).
(d) Per tonne of coal delivered to power stations; combined capital charges

and maintenance costs at 18% annually of capital cost.

(e) Units of 103 tonnes per annum; assumes that no form of SO
Base values (ref.l) are 2,403 x 103 for 1990
and 2,349 x 103 for 2000.

reduction is used.

Note:

The capital cost assumes that the treatment plant will be housed
in the new buildings required for 3-product separation, the costs of

which have already been included in Table 5.
to those shown in Table 5.

Costs should be added
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TABLE 7

Three product separation, with

crushing, further cleaning, and thermal

drying of middlings for recombination

with clean coal

Cost Increase due to thermal
drying
Capital cost of new plant, 788 65
£106
Operating costs, p/tonne(a) 336 72
(a) Per tonne of coal delivered to CEGB; ekcess over cost of

coal cleaning by present procedure.
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2.3.3 Effect of low sulphur coal on power station boiler operation

Most large power station boilers, including all U.K. power stations erected
since about 1960, are equipped with electrostatic precipitators for particulate
removal. The efficiency of these precipitators is affected by the resistivity
of the ash which collects on the electrodes, and if the resistivity of the
layer of ash exceeds a certain value operation is impaired. Reduction of the
sulphur oxide content of gases leaving the boilers is accompanied by an increase
in the resistivity of the collected layer of ash, and therefore by a decrease
in the efficiency of particulate removal. This has to be compensated for by
making the electrostatic precipitators larger and therefore more expensive in
order to obtain the required degree of gas cleaning. The additional capital
cost of electric precipitator capacity resulting from the use of coals of
sulphur content lower than a datum level of 1.4% has been estimated to be of
the order of £1 m per 2000 MW station for a 1.2% sulphur coal and £2 m per
2000 MW station for a 1% sulphur coal(zo). Operating costs, other than repair
and maintenance of the precipitators, would not be significantly affected.

Charges on capital, and repair and maintenance at a total annual rate of
15% of the capital costs have been included in Tables 4 and 5, in the
proportion to which coals of moderate sulphur content would be brought into
the range of sulphur contents where high ash resistivity becomes a problem.

2.3.4 Domestic heating market

Although not wholly appropriate, this is most conveniently dealt with
here. The scale of most domestic and the smaller commercial heating
appliances makes flue gas desulphurisation impracticable. Reduction of sulphur
dioxide emissions from these sources is therefore limited to a choice of
three actions: reduction of solid fuel use; fuel desulphurisation; and sulphur
retention during combustion.

For appliances such as the 'smoke-eater', or open fires burning washed
large or graded coals and smokeless fuels, scope for reducing sulphur
significantly below present levels by changes in coal preparation procedures
is small, but it is possible that at some time in the future some physical
or chemical desulphurisation technique could be used in the production of
manufactured fuels. The commercial availability of this is uncertain, but
process development would probably take at least ten to twelve years, and
would not be embarked upon unless a market for the undoubtedly expensive fuel
were clearly foreseen. No significant market penetration is therefore to be
expected before the year 2000.

A much greater probability is the development of a processed fuel
incorporating crushed limestone, which on combustion would "fix" part of
the sulphur as calcium sulphate. A manufactured fuel of this type has been
developed by McDowell-Wellman 21) in conjunction with the Ohio Department
of Energy, and it is claimed that the fuel pellets burn smokelessly and
with negligible emissions of sulphur dioxide. If an assessment of the
process were to recommend in favour of development and a decision were to be
taken to build a plant to produce a fuel of this type before 1990, the project
could contribute significantly to the reduction of S0, concentrations in
densely populated areas by the end of the century. The ash resulting from
combustion would contain some lime, and could need care in handling for
disposal.
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2.4 Fuel conversion

The processes which will be considered in this section are:
coke-making, coal liquefaction (including the Solvent Refined Coal and other
processes), and coal gasification.

(i) Coke making

In coke-making, the sulphur present in the coal finishes up partly in
the coke (about 60% of the original sulphur), partly in the gas (about 30%)
and partly in the by—products(22). The sulphur in the gas is in the form
of hydrogen sulphide and organic sulphur compounds, 90 to 95% being as HoS.
When the gas is to be used for domestic heating purposes, desulphurisation
is obligatory, but since conversion of the U.K. gas distribution network
to natural gas, nearly all the gas produced by coke ovens is used in
industry, and for heating the ovens. Sulphur removal is not at present
required for these purposes, except for a few special processes where "
freedom from sulphur contamination is essential. Only about a tenth of the
gas produced is currently desulphurised. Therefore the greater part of the
sulphur in the gas after by-products separation is eventually released to
the atmosphere as sulphur dioxide. Emissions of sulphur dioxide from coke
ovens in 1976 are estimated at 130,000 tonnes (65,000 tonnes as S); the
sales of coal for carbonisation were 17,466,000 tonnes at an average sulphur
content of 1.15% (reference 1, Appendix III), therefore the estimated
emissions represent 32.4% of the sulphur in the coal. National Smokeless
Fuels Ltd., who operate a third of the U.K. coking capacity are in the
middle of a programme of installing desulphurising plants.

Costs of desulphurising all coke-oven gas by the Stretford process are
estimated to be £2.2 per tonne per annum of coal capital cost, and £1.00
per tonne of coal input total costs. Approximately 75 MJ of primary energy
equivalent per tonne of coal input is required for gas desulphurisation.
Desulphurisation could be operable within 3 years of taking a decision to
install the necessary plant. Solid/liquid waste production would be mainly
from the discharge of salts in solution resulting from side reactions.
These may, if desired, be isclated in fused solid form, but this requires
additional fuel. The quantities of waste are very variable, and depend on
many factors such as the cyanide content of the raw gas.

(ii) Coal liquefaction

Most coal liquefaction processes are being developed to produce liquid
fuels as substitutes for oil-derived fuels used in transport or for
chemical feedstocks, although one, Solvent Refined Coal, is not strictly a
liquefaction process because the solvent extract is treated to yield a
clean, solid fuel. It is to be noted that the time-scale for development
of these processes will be longer than for physical coal processing, but
probably not chemical processing for sulphur removal.

Because oil-derived fuels have a“higher hydrogen/carbon ratio than
coal, hydrogenation is an essential step in production, and processes
include direct catalytic hydrogenation, solvent extraction followed by
hydrogenation, and pyrolysis (COED and Garrett processes). Liquid fuels
can also be made by gasification of coal followed by catalytic conversion,
but this route is not considered here.
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None of these processes is likely to be operational in large
tonnages before the end of the century, but rising crude oil prices are
likely to speed up development during the 1990's, and at the turn of the
century they will be representing a rapidly expanding new market for coal.
Environmental problems are expected to be not much different from those
currently being satisfactorily dealt with by the oil industry, and the
cost of anti-pollution measures will be met as part of the process costing.
Some concern has been expressed that the higher proportion of aromatic
compounds present in cog& as compared with oil might present an additional
hazard to operators 3,27) this fact could be reflected in additional
cost of extra safety precautions built into the plant, and in provisions
for the treatment of solid or liquid effluents that might be contaminated
with polycyclic aromatic hydrocarbon compounds, but should not represent
an environmental hazard. Coal liquefaction is likely to result in fairly
large energy losses, of up to 35% of the heat in the coal.

Hydrogenation treatments reduce the sulphur content of the fuel,
whereas pyrolysis usually produces a gas which contains a substantial
fraction of the original sulphur in the coal and to make a low sulphur
product further treatment is necessary. Speculative conversion efficiencies
and product sulphur contents for some coal liquefaction processes operating
on high-sulphur coals are as follows: 25,26

Process Conversion efficiencya Sulphur content, g/GJ in
products

H-Coal 0.70 47

Synthoil 0.75(b) 52

Exxon Donor Solvent 0.60 -

Solvent Refined Coal 0.70 57

Notes: (a) Energy in all saleable products divided by energy in
original coal.

(b) Does not take into account some process energy inputs,
which result in a lower true conversion efficiency, of
about 65%.

(iii) Coal gasification

Coal gasification plants can be designed to meet low levels of
pollutant emissions. The main atmospheric emissions arise from coal
combustion for auxiliary power and process steam requirements, although
these can be avoided by using clean gas for this purpose at the expense
of some loss in efficiency.

Two processes need attention: the manufacture of synthetic
natural gas (SNG) as a replacement for declining supplies of North Sea
Gas, and Low Calorific Value gas, for the firing of combined cycle power
generators and some industrial operations.

Gasification of coal on site was widely used up until about 1960
at many works in the metal industries and for firing glass melting tanks,
as well as by other industries. The most common type of gasifier was the
single-stage, fixed-bed gas producer, and it is quite likely that improved
versions of these will once more be adopted. The gas producers in use up
till 1960 suffered from a major drawback when using bituminous coals to
deliver hot, raw gas to the furnace, namely progressive blockage of the
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gas delivery pipe with condensed tar. The only practical way of removing
this was by burning out, and this normally produced very dense black

smoke. It would be expensive to avoid this by installing after-burning
equipment, and a more attractive principle is two-stage gasification, in
which the coal is carbonised at low temperature in an upper chamber before
descending to the lower, gasification chamber. The tar-containing gases
from the distillation stage were cooled and passed through electrostatic
precipitators which removed the tars and oils in a handleable form suitable
for use as a fuel.

Where there is a local concentration of industry, there is a possibility
of central gasification plants with private distribution networks to
factories within a kilometre or so of the plant. Such a gas would have to
be 'clean' (and preferably free of sulphur compounds) and could be burnt in
relatively inexpensive boilers or furnaces without generating a significant
amount of particulate pollution.

The timescale for the introduction of SNG plants in the U.K. is
uncertain, and depends on the rate at which natural gas reserves run out.
One estimate(10) is that the first plants could be required during the
nineties at the earliest, but may not be until after 2000.

SNG is likely to be produced in the U.K. by upgrading the medium
calorific value gas resulting from oxygen/steam gasification, but the
optimum size and location of the gasification plants is not yet clear.

The existence of the gas grid in the U.K. will favour the adoption of large
central SNG plants, probably sited in coal producing areas. Because a high
degree of removal of sulphur compounds from the gas is necessary in order
to.avoid poisoning the methanation catalyst, and would in any case be
required for distribution to households, sulphur emissions to the atmosphere
would be virtually eliminated. A variety of processes are available for
desulphurisation of the gas(27), but all the commercially obtainable ones
only operate on the cooled gas, making reheat of the gas necessary for
methanation. Most processes produce a saleable sulphur and quantities of
other by-products; ammonia, phenols, etc. Various high-temperature sulphur
removal processes are under investigation 28 ,» in order to avoid the loss

of energy in cooling and reheat, but none has yet reached commercial status.
The overall thermal efficiency of a process to make SNG from coal is
expected to .be about 65%.

Low calorific value gas as a power station boiler fuel is of
considerable interest for two reasons: compared with coal it is a clean
fuel, meaning a great reduction in tube slagging and corrosion risks in
the boiler and reducing air pollution; and its freedom from particulate
impurities will introduce the possibility of combined cycle power generation,
passing the hot gases from a pressurised combustor through a gas turbine
before raising steam from the waste heat. Residual impurities in the gas
could still cause problems in the gas turbine. The combined cycle could
give up to 7 percentage points higher efficiencies of power generation than
are attained in the most efficient stations operating today, if anticipated
developments in gas turbine construction are realised, and the emissions of
atmospheric pollutants would be greatly reduced.
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If sulphur removal from the fuel gas is required, gas cooling will
be necessary unless a hot gas desulphurisation process can be developed
for use either in the gasifier itselr(29,30) or as a separate acid gas
clean-up between the gasifier and the combustor. One estimate 31) of
the extra energy cost of hot gas desulphurisation over the no sulphur
removal case suggests that for various projected processes the amount
of energy used will be between 10% and 17% of the energy in the product
gas output, for 85% to 96% sulphur removal. All the processes considered
utilise an initial H,S absorption step followed by sulphur recovery
(Claus or Allied plants) and tail gas clean-up. It is this clean-up of
S0o from the sulphur recovery plant tail gases that largely accounts for
the high energy consumption.

For cold gas desulphurisation(SI) energy requirements for one process
(Benfield) is given as 8.5% of the chemical energy content of the make gas
(C.V. 6.0 MJ/Nm3), but this does not include the heat removed from the hot
gas before it passes to the desulphurisation plant. This is estimated to
be a further 23% of the chemical energy content of the make-gas, and the
overall efficiency of clean gas 'production depends on how well this can
be recovered and made use of elsewhere in the plant.

The sulphur could be recovered either as the element or as sulphuric
acid. Prediction of future market prices for these materials is very
difficult, because widespread introduction of processes for sulphur
recovery from combustion processes would soon swamp the market.

Coal gasification processes generate quite large quantities of waste
water which is contaminated with suspended solid matter, dissolved salts
and organic compounds including oils and phenolic compounds. Processes
exist for the treatment of these aqueons wastes by sedimentation,
filtration, biological purification, adsorption etc., to render them fit
for discharge to water-courses, or for recycling within the plant. The
treatment processes are quite expensive, and form an important contribution
to the total construction and operating costs of the plant.

It is considered(32) unlikely that power generation from low
calorific value gas will be used in the U.K. before the year 2000, although
it could be introduced during the first decade of next centuryif further
developments in the process are sufficiently encouraging.

2.5 Sulphur retention during combustion

2.5.1 General

Although some unsuccessful attempts were made in Germany, Japan and
the U.S.A. to retain sulphur by injection of finely powdered limestone
into pulverised coal fired boilers, these were unsuccessful because of
inefficient sulphation of the limestone, and tube fouling. The practical
retention of sulphur during coal combustion has more recently been made
possible by development of the fluidised bed combustor. This is a vessel
containing a bed of inert particulate material, e.g. sand, coal ash,
limestone or dolomite, which is fluidised by introduction of the combustion
air through a specially constructed distributor plate which forms a
support for the bed material when the bed is "slumped", i.e. when the air
is shut off.
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The coal is introduced into the bed, either by injection in a stream of
air to a point or points within the bed, or by dropping it into the bed from
a feeder terminating in the freeboard, i.e. the space above the bed. For
pneumatic in-bed feeding, the coal must have a top-size roughly the same as
that of the largest bed particles, and may be an unwashed coal. For above-
bed feeding, the coal may have a top size of up to 50mm, and should normally
be washed in order to avoid the accumulation in the bed of oversize ash
particles.

It is usual to operate coal-fired fluidised-bed combustors at temperatures
between 1070 and 1170 K, in which range the ash does not become sufficiently
sticky to cause problems of agglomeration. This also happens to be the
témperature range in which lime particles formed by the calcination of lime-
stone can most effectively absorb sulphur dioxide, at atmospheric pressure.
Absorption of sulphur dioxide will also occur at elevated pressures, but in
this case dolomite (calcium magnesium carbonate) is found to be a much
better absorbent, although the magnesium does not form a stable sulphate at
bed temperatures. The sulphation reaction is: Ca0 + SO2 + ZOZ = CaSOA.

Limestones differ 1in their sulphur-absorbing capacity, and with all
stones sulphation of the calcium content is incomplete. It is necessary
therefore to add limestone with the coal at a calcium to sulphur molecular
ratio considerably in excess of one. Figure 4 shows the relationship
between the percentage gbsorption of sulphur and the Ca:S molecular ratio
for limestones of two different reactivities, in a bed at least 0.75 m high
and at atmospheric pressure. Figure 5 shows the relationship for a typical
dolomite in a combustor operating at 5 atmospheres pressure.

The lower temperature of combustion in fluidised beds allows a greater
amount of sulphur to be retained by the coal ash than in most other forms
of coal-firing. Results for six British coals burnt in fluidised beds,
without limestone addition, show sulphur retentions ranging from 7 to 64%,
with an average of 29% (unpublished work by NCB).

The fluidised combustion of coal is likely to be used in the future’
to some extent in preference to other methods of combustion, especially
for industrial boilers and dryers, even if no use is made of its capability
for sulphur retention. This is because the output of a given size of
fluidised-bed combustor is much higher than than of a conventional coal-
fired appliance of the same size. Users attracted to coal by a rise in
price of o0il or gas would find fluidised-bed firing cheaper than stoker-
firing because of this. An additional attraction is that fluidised-bed
combustors are more tolerant of variation in fuel quality.

Therefore, the appropriate costs to consider are those resulting only
from changes in plant and operating procedure to give sulphur retention,
and not the total costs of converting to fluidised bed combustion from
other types of appliance. The main differences necessitated for sulphur
retention are as follows:

(i) There is need for limestone storage, handling and feeding
facilities; and if the limestone delivered is too coarse
for feeding to the bed crushers would have to be installed,
operated and maintained.

(ii) Handling equipment for solids removed from the bed and
separated from the waste gas has to be made larger to cope
with the added limestone, part of which is broken down into
dust and is elutriated from the bed.
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(iii) There is a small reduction in thermal efficiency because of
the increased rate of removal of hot solids. For a 1.5%
sulphur coal this loss should not exceed 0.4% of the heat
input, at 85% sulphur retention. The limestone calcination
reaction is endothermic, but this is partly offset by the
heat of sulphation, resulting in a net thermal change which
is small compared with the sensible heat loss.

(iv) Solid waste disposal costs would be increased. For a 10%
ash, 1.5% sulphur coal and 85% sulphur retention, conditioning
(water treatment) of the solid waste would be required before
disposal (this would hydrate excess lime to the hydroxide),
and the quantity of conditioned waste would be 1.6 times as
great as the quantity from a combustor without sulphur
retention. The anhydrous calcium sulphate formed in the
combustor only hydrates slowly, and would not take up
water during conditioning.

2.5.2 State of development

(i) Industrial boilers

Several experimental and prototype fluidised-bed fired industrial
boilers have been in operation in Britain since 1974, as have a number
of hot-gas drying furnaces with heat outputs of up to 5 MW (th)(33), &
10 MW (Th) heat input boiler is expected to be commissioned during 1979.
None of these appliances has been equipped for sulphur retention by
limestone addition. Some of them have been converted from other methods
of firing, and it would not have been possible to use a fluidised bed
sufficiently deep to give good sulphur absorption (0.5 m or more), but
the principle of sulphur retention in atmospheric pressure fluidised bed
combustion has been demonstrated in a 10MW (Th) experimental boiler burning
crushed coal injected pneumatically into the bed. Some more recent
experiments on a smaller scale have suggested that sulphur retention is
equally effective when coal with a larger top size 1is fed above the bed.

The use of fluidised bed combustion with limestone addition can there-
fore be regarded as a proven process, and commercially available as from
1979, although there can be expected to be further developments in the
details of boiler design, coal and additive feed, ash removal, etc.

(ii) Boilers for electricity generation

One of the main attractions of fluidised combustion, apart from the
capability of sulphur retention, is in their operation under pressure for
combined cycle (gas turbine/steam turbine) power generation giving greater
total efficiency of electricity generation. Much experimental work has
already been carried out on fluidised bed combustion under pressure, and
more is planned in order to determine the degree of hot gas cleaning
necessary for operating gas turbines on the combustion products. Experiments
hav%az?own that sulphur oxides can be readily absorbed by dolomite in the
bed .



— 138 -

It is thought unlikely that either atmospheric pressure or
pressurised fluidised bed combustion for use in power generation will
have been developed sufficiently for significant amounts of electricity
to be generated by either process before 2000. Beyond this date, there
is a possibility that pressurised combustion will begin to contribute,
and if the current environmental awareness is maintained it is reasonable
to expect that this will utilise sulphur retention, possibly with regenera-
tion of the spent absorbent 35,36) in order to reduce the environmental
impacts of stone quarrying and waste disposal.

2.5.3 Costs of fluidised bed combustion with sulphur retention

Limestone prices vary widely from region to region, and from one
quality to another in the same region. The properties most beneficial
for sulphur retention in fluidised bed combustion are not those which
would command a high price for other uses, e.g. road-surfacing or use as
an aggregate, where hardness and strength are wanted. Very often, too,
quantities of fine material arise in the production of graded stone for
other purposes, and these could be’a cheap, suitable material for sulphur
absorption. Dolomite 1is generally a little more expensive than limestone
although there is a wide overlap of price ranges. The cost estimates in
this report are largely based on those given in a recent IEA Coal Research
report(37), but they have been adjusted to refer to industrial boiler use,
because no significant use of fluidised bed combustion for power generation
is anticipated during the present century.

Figure 4 shows that the most efficient use is made of limestone up to
about 85% sulphur retention. For higher levels of retention a dis-
proportionately large amount of additional limestone has to be used. When
the coal being fired has a calorific value of 25.6 MJ/kg, and contains
1.5% sulphur, 85% sulphur retention gives a sulphur dioxide emission rate
of 0.176 g/MJ, which is well below the current EPA New Source Emission
Standard of 0.516 g SO0,/MJ (1.2 1b/106 Btu)(38),

If, at some future date, emission limits were to be introduced, a
standard equal to the current EPA New Source Standard could easily be
achieved in the U.K. by fluidised bed combustion, in fact, a lower limit,
e.g. half the present EPA New Source Standard, could also be met without
too much additional expense save with coals of the highest sulphur content.
The limestone usage and quantity of additional solid waste for disposal
would be greater for a lower SO, emission.

Limestone requirements to reduce SO, emissions to 0.5 kg S02/GJ heat
input, and to 0.25 kg S0,/GJ for coal of different sulphur content are
shown in Table 8, and the additional amounts of waste solids generated
are shown in Table 9. The figures refer to a conceptual 15 MW (Th) heat
input atmospheric pressure boiler, and the sulphur retention has been
calculated for a relatively poorly absorbing limestone (close to the lower
line in Figure 4), so the costs quoted will allow for variation in limestone
quality, and represent maximum costs.

Additional capital costs resulting from the capability for sulphur
retention are shown in Tables 10 and 11 and additional operating costs
(including charges on capital at 10%) are given in Tables 12 and 13.

There is uncertainty about the way in which the sulphated limestone
will be removed from the combustor. Some stones are relatively easily
abraded, and will therefore tend to finish up as dust in the off-gases.
Other stones will be less easily degraded, and will be largely removed
with run-off of bed material as required for bed height control.
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TABLE 8

Limestone feed in atmospheric fluidised bed combustion

required for various levels of sulphur control

S0 emission Sulphur content of coal, 7 S
standard,
kg SOZ/GJ _ 0.5 1.0 1.5 2.0 2.5 3.0
limestone, 23 | o 2.9 6.4 10.5 | 14.4 | 19.1
0.5 removal eff. 7 - 36 57 68 74 79
Ca/S mol. ratio 0 1.15 1.7 2.1 2.3 2.55
limestone, 2® | 1.4 | 5.3 | 9.6 | 14.5 | 20.0 | 25.5
0.25 removal eff. % 36 68 79 84 87 89
Ca/S mol. ratio 1.15 2.1 2.55 2.9 3.2 3.4

Notes:

(a) 7% of coal feed rate

Calorific value of coal 25.6 MJ/kg

Moderate to poorly absorbing limestone.
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TABLE 9 : Waste products from limestone additive in

atmospheric fluidised bed combustion

(Figures are as 7 of coal feed rate)

S0, emission Product Sulphur content of coal, % S
standard dry or
kg SOZ/GJ wetted 0.5 1.0 1.5 2.0 2.5 3.0
0.5 Dry 0 2.5 5.7 9.3 12.7 16.6
Wet 0 3.1 7.0 11.4 15.7 20.6
0.25 Dry 1.2 4.7 8.3 12.3 16.6 21.0
Wet 1.5 5.8 10.3 15.4 20.9 26.5

Notes:

Calorific value of coal: 25.6 MJ/kg

Limestone is 100% CaCO,; addition rates as in Table 13.

3
Ash not included

When the product is wetted the calcium oxide is hydrated
to calcium hydroxide and it is assumed that a further

10Z on weight of solids is added to "condition" the solids
in order to prevent dust blowing about during handling and
disposal.
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Additional capital costs for sulphur retention

capability to meet an emission limit of 0.5g SO,/MJ:

15 MW (Th) fluidised bed boiler

(Costs in £10

3

at March 1979)

Sulphur in coal, 7% 0.5 1.0 1.5 2.0 2.5 3.0
Limestone storage,
handling and feeding: 0 6.6 11.7 15.9 19.6 23.0
Spent absorbant
removal: (a) 0 3.2 5.8 8.7 11.3 14.2
Gas clean—up:(b) 0 7.0 12.6 18.8 24,4 36.6
Total (excluding
limestone drying + crushing) 0 16.8 30.1 43.4 55.3 73.8
Limestone drying and
crushing (optional) 0 37.1 62.9 87.6 108.2 | 130.5
TABLE 11: Additional capital costs for sulphur retention
capability to meet an emission limit of 0.25g SO_/MJ:
15 MW (Th) fluidised bed boiler
(Costs in £103 at March 1979)
Sulphur in coal, 7% 0.5 1.0 1.5 2.0 2.5 3.0
Limestone storage,
handling and feeding: 4.1 10.0 14.5 18.3 21.8 32.4
Spent absorbant
removal : (2) 1.6 4.6 7.5 10.7 14.0 17.2
Gas clean-up(b) 3.4 9.9 16.2 | 23.0 30.1 37.1
Total (excluding
limestone drying + crushing) 9.1 24.5 38.2 52.0 65.9 86.7
Limestone drying and 22.8 | 55.5 | 82.5 | 108.6 | 134.6 | 158.3

crushing (optiomnal):

Footnotes to Tables 15 and 16:
(a)
(b)

(bag filters or electrostatic precipitators)

Basis:

Ash content of coal 157
Calorific value of coal 25.6 MJ/kg.

Final gas clean-up to meet particulate emission standards

Average to poor limestone absorption properties

Includes cost of cyclones and hoppers for primary gas clean-up.
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TABLE 12: Annual costs of sulphur retention to meet an

emission limit of 0.5g SO, /MJ
15 MW (Th) fluidised bed boiler

(Costs in p/GJ)

Sulphur content of coal 7% 0.5 1.0 1.5 2.0 2.5 3.0
Cost of limestone'® o | o6 | 1.0 | 1.6 | 3.1 | 4.0
Thermal 1ossas(b) 0 0.2 0.3 0.4 0.6 0.8
Power requirement(c) 0 0.3 0.8 1.3 1.8 2.3
Waste disposal(® o | o6 | 1.1 | 1.7 2.3 | 2.9
Operation and maintenance(e) 0] 0.3 | 0.5 0.7 0.9 1.2
Capital charges(f) 0 0.5 1.0 1.4 1.8 2.4
Total additional costs 0 2.5 4.7 7.1 10.5 13.6
Costs as 7 of coal costs 0 2.2 4.1 6.2 9.1 11.8
Additional costs for limestone

drying and crushing:

Power requirement 0 0.2 0.3 0.6 0.8 1.0
Operation, maintenance

and capital charges 1.8 3.1 4.3 5.3 6.4
Total additional costs 2.0 3.4 4.7 6.1 7.4
Additional costs as % of coal cost 0] 1.7 3.0 4.1 5.3 6.4

(a)
(b)
(c)
(d)
(e)
(£)

Limestone price £5.00/tonne, delivered.

Losses due to increased solids removal.

Electric motors for additional solids handling.

Cost of waste disposal £4.8/tonne.

Taken as 57 of the additional capital costs, per annum.

Taken as 107 of the additional capital costs.

Price of coal: 0.115 p/MJ.

Annual Load factor:

Calorific value of

657
coal: 25.6 MJ/kg

Average to poor reactivity limestone.
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TABLE 13: Annual costs of sulphur retention to meet an

emission limit of 0.25g S0,/MJ
15 MW (Th) fluidised bed boiler

(Costs in p/GJ)

Sulphur content of coal 7 0.5 1.0 1.5 2.0 2.5 3.0
Cost of limestone'® 0.2 | 0.9 | 1.5 | 2.3 | 3.1 | 4.0
Thermal 1osses(b) 0.1 0.2 0.4 0.5 0.7 0.9
Power requirement(c) 0.2 0.6 1.2 1.8 2.5 3.1
Waste disposal(d) ’ 0.3 0.8 1.4 2.1 2.8 3.5
Operation and maintenance(e) 0.1 0.4 0.6 0.8 1.1 1.4
Capital charges(f) 0.3 ' 0.8 1.2 1.7 2.1 2.8
Total additional costs 1.2 3.7 6.3 9.2 12.3 15.7
Costs as Z of coal cost 1.0 3.2 }-5.5 8.0 10.7 13.7
Additional costs for limestone

drying and crushing:

Power requirement 0.1 0.3 0.6 0.8 1.1 1.4
Operation, maintenance and

capital charges 11.1 2.7 4.0 5.3 6.6 7.7
Total additional costs 1.2 3.0 4.6 6.1 7.7 9.1
Additional costs as % of coal

cost 1.0 2.6 4.0 5.3 6.7 7.9
(a) Limestone price £5.00/tonne, delivered.

(b) Losses due to increased solids removal.

(c) Electric motors for additional solids handling

(d) Cost of waste disposal £4.8/tonne.

(e) Taken as 5% of the additional capital costs, per annum.

(f) Taken as 107 of the additional capital costs, per annum.

Price of coal: 0.115p/MJ
Annual load factor: 657
Calorific value of coal: 25.6 MJ/kg

Average to poor reactivity limestone.
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Limestone, as delivered, frequently contains a large amount of
absorbed water, which must be allowed for in calculation of the rate of
addition to give adequate SO, reduction. The water does not upset the
combustion process, apart from the small reduction in thermal efficiency
owing to loss incurred due to the latent heat of evaporation and the
sensible heat of the additional water vapour discharged to the atmosphere.
It may, however, affect the handling of the stone if it contains a large
amount of fine material. If it is necessary to crush the stone before
use it may therefore be advisable to dry it before crushing, but as
Tables 10 and 11 show, the capital cost of the necessary equipment is
high. For small plants it is more economical to buy limestone with the
correct top size for feeding to the combustor, and graded stone is
usually readily available.

The estimates show that, if limestone arying and crushing on site
is not necessary, an emission limit of 0.25 g SOz/MJ heat input could be
met without additional costs of more than 10% of the coal costs,
(typically 0.115 p per MJ), for about 95% of the industrial coals supplied
(cf. Table A1.3).

2.5.4 Effects on 50, emissions and waste solids production of
fluidised combustion to meet emission limits

Table 14 shows the projected sulphur dioxide emissions from
industrial uses of coal in the U.K. up to the year 2000 if full advantage
were to be taken of the potential of fluidised bed combustion for reduction
of S0, emissions to meet emission standards of 0.5 kg S0,/GJ and 0.25 kg
S0,/GJ respectively. The table also shows the amounts of solid waste
that would be generated by this action (excluding coal ash).

Assumptions made in these calculations are:

(i) All coal used by industry can be fired in fluidised beds
except for coal used for cement kiln firing (which results
in low sulphur dioxide emissions anyway, because of the nature
of the process and charge). In practice, part of the industrial
coal is likely to be used in gasifiers, but this has not been
allowed for in Table 14. The economics of coal-gas desulphurisa-
tion are referred to in section 2.4.

(ii) The proportion of total coal to industry that is used for
cement kiln firing will remain the same as in 1977.

(iii) The distribution of sulphur contents in coal disposals
to industry will remain the same as in 1977 (Table A1.3).

(iv) All new boiler and dryer installations after 1985
will be fluidised-bed fired.
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802 emissions and waste solids production

arising from fluidised-bed combustion with

sulphur retention

Industrial sector

(excluding coke ovens)

Emission Rate, 103 tonnes per annum
limit Description
kg SOZ/GJ 1977 1985 1990 2000
None SO2 from cement kilns 15 15 20 45
(Conventional
firing) 802 from boilers 240 240 405 827
Total SO2 255 255 425 875
None 50, from boilers @™ [ 240 | 240 | 355 | 655
(Fluidised Total SO 255 | 255 | 375 | 700
no limestone) 2
0.5 50, from boilers(® 240 | 240 | 295 | 450
(limestone) Total SO, 255 | 255 | 315 | 495
Waste solids (%) 0 o | 500 |1735
0.25 50, from boilers(® 260 | 240 | 240 | 260
(limestone) Total SO, 255 | 255 | 260 | 305
Waste solids(c) 0 0 795 2750
(a) Includes other uses for which fluidised-bed combustion is
applicable.
(b) Assumes 30% sulphur retention by coal ash in fluidised-bed
combustion without limestone addition.
(c) Dry weight of CaSO, and Ca(OH);, excluding ash.

Rates are given to nrearest 5,000 tonnes.

See Section 2.5.4. in text for list of other assumptions.
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(v) Existing plants will become obsolete at the rate of 5% of
their 1977 capacity each year from 1985 onwards and
will be replaced by fluidised-bed fired appliances.

(vi) Future coal disposals to industry will be as shown in
Table 3 of Part 1 of this study(l).

(vii) All coal to industry has a calorific value of 25.6 MJ/kg.

2,531,000 tonnes out of a total of 11,926,000 tonnes of coal
disposed of to industry in 1977 were to the cement industry; i.e. 0.8 x
2,531,000 tonnes or 2,025,000 tonnes were used for cement kiln firing.
This represents 17% of total disposals.

Incalculating the figures in the first line of Table 14, for S0,
emissions from cement kilns, an arbitrary figure (25%) has been taken
for the percentage of sulphur in coal emitted to the atmosphere. The
value varies widely according to process type, and experimental
verification is lacking.

2.5.5 Environmental considerations in disposal of
spent absorbent

The only element present in the solutions leached from spent bed and
cyclone material which might pose an environmental or health problem is
calcium. Other,elements investigated by workers at Battelle (Columbus)
Laboratories 39) were well below levels of concentration deemed harmful
by the U.S.A. Resource Conversation and Recovery Act, in the tests which
it was possible to apply. Calcium occurs naturally in significant
quantities in many drinking waters, and is an essential component of the
diet, so it would not be expected to represent a significant toxic hazard,
unless present in high concentrations.

A comprehensive environmental assessment of solid residues is being
carried out by Ralph Stone and Company, Inc. in the U.S.A. The first
report on this work 40 quoted results of leaching of residues tipped in
different environments. When tipped in limestone quarries or the sea, the
leachate was highly alkaline (pH 11 to 12), but if tipped in a commercial
land-fill tip, the acidic nature of most of the other material tipped
served to neutralise the alkalinity of the fluidised-bed residue. The
water also contained high concentrations of calcium sulphate.

The report suggests that residues can be used as a conditioner for
soils that are acidic, high in heavy metals, or deficient in trace metals
on all of which it would have a beneficial effect. It also proposes that
substitution of residues in portland cement concrete mixtures could save
about $0.50 (£0.35 at March 1979) per kg of equivalent strength concrete,
but special precautions might have to be taken in view of the sulphate
content of the residues.
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2.6 Sulphur removal gfter combustion: Flue Gas Desulphurisation (FGD)

During the combustion of coal in conventional appliances, such as
pulverised-coal fired water-tube boilers, or chain-grate fired shell boilers,
the largest part of the sulphur content of the coal is emitted in the flue
gases as sulphur dioxide, SO,, plus a small amount (typically 1 or 2% of
the total sulphur oxides) as sulphur trioxide, S03.

Not all of the sulphur is emitted with the flue gases; a small amount
(roughly 10% on average) is retained by combination with basic constituents
of the coal ash. This retention was allowed for in estimation of the 802
emissions tabulated in part 1 of this study(l).

The sulphur trioxide content is very important in practice, because
cooling of the flue gases allows this to combine with water vapour to form
sulphuric acid, Ho504, which will condense at temperatures of between
100° and 150°C, depending on the 504 concentratipn. It is necessary to
avold contact of the flue gas with metal or masonry surfaces below the acid
dewpoint temperature, if rapid corrosion and structural deterioration is not
to occur.

All FGD processes remove some proportion of sulphur trioxide as well as
the dioxide, and solution of the trioxide together with oxidation of the
dissolved dioxide result in a build-up of acid in wet gas-scrubbing systems
which has to be neutralised at some stage with an alkali. In most processes,
the alkali is present at the scrubbing stage.

Allowing for a retention of 10% of sulphur in the coal ash, and assuming
10.6 kg of combustion air per kg of coal, the concentration of sulphur oxides
(as S0p) in the flue gases is given by the following equations:

c 2250 §

Cq 770 S

=0

where Cg is SO, concentration, mg/Nms, in dry stack gas, Cé is S0 con-
centration vppm, in dry stack gas, S is concentration of sulphur in coal,%.

A large number of wet FGD systems have been in operation now for some
years, mainly in the U.S.A., U.S.S.R. and Japan, and a large proportion of
them on oil-fired boilers. Full scale operation of FGD for coal-fired
power station boilers was started in Japan in early 1975, and results of
the first three years of operation have shown that the performance has been
at least as good as anticipated, although there has proved to be some minor
difficulties specific to the use of coal. 41

Wet scrubbing implies cooling the flue gas, and it is normally necessary
to reheat the gas before discharge, in order to avoid blanketing the
surrounding ground with the discharged gas under adverse meteorological
conditions. A great number of "dry" FGD processes are currently being
developed, most of them capable of operating at sufficiently high gas
temperatures to avoid the need for reheat. None has yet reached the stage
of commercial application in large unit sizes.

The status of currently available processes and processes, under develop-
ment has been reviewed by Rosenberg(42) and by Princiotta(43)., All that
will be given here is a brief summary of available processes, and comments
on potential attractions of some of the more promising emergent processes.
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2.6.1 Processes commercially available at the beginning of
1979 for use on coal-fired boilers

These are all wet scrubbing processes and they are divided into
processes in which the sulphur absorbed is thrown away with the spent
absorbent (once-through processes), and processes in which the reagent
is recovered by decomposing the reaction products and the sulphur is
recovered in a potentially saleable form - elemental sulphur, sulphuric
acid or gypsum) (regenerative processes).

The once-through processes are:

Sea-water or river-water scrubbing.

Limestone-slurry scrubbing.

Lime-slurry scrubbing.

Single alkali process ({sodium carbonate/sulphite).
Double alkali prgcess (alkaline sodium sulphite-lime).

The regenerative processes are:

Wellman Lord (alkaline sodium sulphite, thermal regeneration).
MgQ process (magnesium oxide slurry, thermal regeneration).
Chiyoda Thoroughbred process (dilute Ho504 + ferric ions).

The Chiyoda Thoroughbred process has been mainly used on oil-fired boilers,

but has operated successfully on a 23 MW coal-fired boiler in the U.S.A.

It is claimed that with ad it%on of an ozone generator the process can be
44

used also for NO, removal.

Although plants operating many of the above processes have been in
operation for some time now in U.S.A., none has proved trouble-free and
some have lost much operating time owing to shut-down for repair and
maintenance.

A major drawback of the lime and limestone-slurry processes is risk
of scaling resulting from the formation of supersaturated calcium sulphate
solutions in the scrubbing water circuit although addition of magnesium
compounds reduces this. The double alkali process avoids this by using
alkaline sodium sulphite as the absorbent, the spent solution being reacted
with a calcium alkali (usually lime) in an external reactor to precipitate
a mixture of calcium sulphite and sulphate and regenerate the absorbent.

Another drawback of the lime and limestone slurry processes, shared
also by the single and double alkali processes is the difficulty of
disposing of the products of reaction. Most of the processes produce a
sludge consisting of a mixture of calcium sulphite and sulphate, and
water. The sludge is difficult and expensive to dewater to a form suitable
for disposal as land-fill, althoug t?e waste solids resulting from the
double alkali process are reported 45) to be easier to dewater. The
single alkali process produces a solution of sodium salts which cannot
normally be releaged to natural watercourses. Most of the existing plants
operate in arid regions of the USA, where the natural rate of evaporation
is high and exceeds the rate of liquor production plus rainfall. A recent
development of the single alkali process uses spray-drying techniques,
with sprays of sodium hydroxide or carbonate solution to produce a solid
mixture of sodium sulphite and sodium carbonate which, it is proposed, can
be used in Kraft or sulphite pulping processes. This avoids the liquid
effluent problem.
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Water scrubbing has been used by the CEGB at Battersea and Bankside
power stations in London, where it relied on the natural alkalinity of
Thames water which was used in large quantities., plus waste alkaline sludge
from water softening plants, to avoid discharge of strongly acid water
into the river.(47) No reheat of stack gases was used and in consequence
the plume had a tendency to drop under adverse meteorological conditions
although the stack heights were considerably more than those of neighbouring
buildings. Although over 95% of the sulphur dioxide was removed by scrubbing,
under plume-droop conditions the residual pollutants had a more objectionable
effect than if the gas had been discharged hot, without scrubbing.

The Wellman Lord and MgO (magnesium oxide) processes both employ an
SO, absorption stage and a subequent regeneration stage in which a con-
centrated stream of sulphur dioxide is produced. The S0, is treated in
various ways, depending on the facilities available, and the form in which
the sulphur is to be ultimately recovered. For example, if the desired
end product is elemental sulphur, the dioxide is reduced by a reducing
gas such as methane, carbon monoxide, hydrogen or coal gasification products.
If the sulphur is to be recovered as sulphuric acid, the dioxide is oxidised
in the gas phase over a vanadium pentoxide catalyst to form sulphur trioxide,
which reacts with water in sulphuric acid solution. The well-proven Wellman
Lord is the preferred process.

Small amounts of other sodium or magnesium salts are formed because
of the presence of sulphur trioxide, hydrogen,chloride and other compounds
in the flue gas. These salts (mainly sulphates and chlorides) are removed
by treatment of a purge stream taken from the main scrubbing liquor stream.
Coke is used to reduce magnesium sulphate formed in the MgO process.

The Chiyoda Thoroughbred process produces a saleable gypsum, for
which there was formerly a greater demand in Japan than there is now, or
in the U.K. If effortswere made, outlets for gypsum could possibl¥dg?
developed in the U.K.; possible uses have been discussed elsewhere .

It is almost certain that if a,decision were to be taken by the U.K.
electricity industry to install FGD on any of its.boilers, then a regenerative
process would be used (probably Wellman Lord), because of the environmental
effects of waste disposal from once-through processes, and the lack of land
area for disposal.

2.6.2 Other FGD processes nearing commercial application

A comprehensive list of new processes under development is given in
reference 49. Six of the furthest developed of these are reviewed
briefly below.

(i)  Ammonia process (wet)

Ammonium sulphite solution and/or ammonia gas is injected into the
flue gas, and reacts with sulphur dioxide to form ammonium bisulphite.
The wash liquor is evaporated to produce gaseous SOp and ammonia, and
sulphur is formed by reduction as in the Wellman Lord and MgO processes.
The sulphur trioxide present in the flue gas forms ammonium sulphate in
the scrubber, and this is removed by precipitation with lime.
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Status: An experimental plant by Electricite de France was in operation
on a 30 MW oil-fired boiler at Champagne-Sur-Oise, France; Institut
Francais du Petrol (IFP) and Catalytic Inc. (USA) are associating.
Other, independent development is by Mitsubishi (Japan) and by Showa
Denko (Japan).

The experimental efficiency of desulphurisation(5o) was 90% to 97%,
and 99% of the absorbed SO, was recovered in the desorption column.
About 6% of the ammonia was lost, representing a loss of 10 kg/h of NH
for a sulphur dioxide flow rate of 370 Kg/h. It is reported, however,?51)
that the ammonia processes suffer from the problem of emission of fumes
consisting of ammonium salts, from the chimneys, and that this problem has
so far defied all efforts to solve it.

Variations of the process are capable of removing nitrogen oxides.(52’53)

(ii) Saarberg-Holter process (wet)

Although basically a lime treatment, this process uses formic and
hydrochloric acids as additives to produce a high solubility of calcium
hydroxide in the wash liquer. There are no reports of scaling or plugging
with this process. Unlike many other FGD processes the presence of
chloride, resulting from chlorine in the coal, has no adverse effect on
the scrubbing process. The calcium sulphite produced in the scrubber is
oxidised to sulphate in a special aerator, and the process is reported to
produce saleable gypsum. Careful control of the chloride content of the
product would be required.

Status: Over 14,000 hours of operation(54) in a 40 MW coal-fired power
station boiler at Saarbrﬂcken, and also a plant at a refuse incinerator.
Over 90% desulphurisation is claimed, for a low energy consumption. Davy
Powergas Inc. is offering the process in U.S.A.

(iii) Citrate process (wet)

Uses a buffered solution (sodium citrate, citric acid and sodium
thiosulphate or phosphate) to absorb S05, which is then reduced in solution
to sulphur by hydrogen sulphide and regenerate the sodium citrate.
Developed by the U.S. Bureau of Mines 5 , a pilot plant has been built to
operate on a 100 MW coal-fired boiler.

(iv) Active carbon processes

Processes have been developed by Bergbau-Forschung/Foster Wheeler,
Catalytic/Westvaco, Reinluft and by Sumitomo-Kansai (all dry processes),
and Hitachi (wet process).

The dry processes adsorb SO, on active carbon at temperatures of
about 100°C and release the S0, in a concentrated stream by heating to
temperatures variously referred to as 400°C and 650°C. The SO2 is
converted to sulphur by anthracite reduction or other means. As in all
dry processes, preliminary removal of suspended particulates is essential
to avoid fouling the carbon. There is some loss of carbon with each
regeneration, probably mainly by oxidation by sulphur trioxide which is
formed by catalytic oxidation of 505 on the carbon surface(56). This loss
of carbon increases the internal surface area of the adsorbent and makes
it more reactive, with a consequent risk of spontaneous combustion in the
adsorption bed when the flue gas contains appreciable amounts of oxygen.
It is reported(53) that the process also removes 40 to 65% of NOy.
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Status of dry processes: Pilot plants have been built and operated in
the various countries.

The Hitachi wet process adsorbs the sulphur dioxide on a bed of wet
carbon where it is oxidised catalytically to sulphuric acid, which is
removed by water washing. A British Patent Specification relating to the
Hitachi process 57 gives much scientific information on the kinetics and
equilibria of the adsorption process. This Patent refers to a flue gas
inlet temperature of 55°C.

Status: A 150 MW Hitachi wunit is in operation in Japan.

(v) Cat-Ox process (dry)

In this process, developed by Monsanto (U.S.A.), flue gas at 475°C
is first cleaned of particulates in a high-temperature electrostatic
precipitator, then passed over a vanadium-based catalyst which converts
the sulphur dioxide to trioxide. The gases are cooled in a heat-exchanger,
and the SO reacts with moisture in the flue gas to form a sulphuric acid
mist which is scrubbed out with recirculating sulphuric acid in a packed
tower. 80% sulphuric acid is withdrawn, and the residual acid mist in the
gas isdremoved in a mist eliminator before the gas is discharged at 120°C
to 1257C.

In an alternative form of the process, the flue gas may be reheated
after cleaning in an electrostatic precipitator operating in the normal
temperature range, before the catalytic oxidation.

Status: A test plant was built in the USA, but operational experience
appears to have been unsatisfactory. The plant required is rather complex
and expensive, and there is a risk that ineffective operation of the mist
eliminator will produce a visible and persistent plume at the stack. The
process has been dropped, at least for the time being.

(vi) Shell process (dry)

This process uses a fixed bed of copper oxide on alumina to absorb
sulphur dioxide and oxygen in the flue gas to form copper sulphate.
Regeneration is carried out at the same temperature with hydrogen gas,
which produces an 80p-rich stream for further processing. The operating
temperature is below that required in the dry carbon processes for
regeneratio?. 60 to 70% removal of NOy is reported, in addition to 90%
S0y removal 53),

Status: A pilot plant is in operation on a 0.6 MW slipstream from a
coal-fired boiler, and a full scale plant is operating at an oil

refinery in Japan.

2.6.3 Discussion of the present state of FGD processes

All the processes commercially available at March 1979 are wet
processes; five are 'once-through' processes, requiring large areas of
land for disposal of waste products and introducing the risk of pollution
of water supplies due to run-off from the tipping areas; and two are
'regenerative processes'. All are capable of installation either on new
plants or as 'retrofit' systems on existing plants. There is enough
information available to enable rough cost estimates to be made for all
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these processes, but only one, the Wellman Lord process, has been studied
in sufficient detail in relation to special U.K. requirements and operating
practices to allow the costs to be regarded as fully realistic. The costs
are discussed in section 2.6.5.

FGD has been applied in the USA not only to power stati?n (tutility")
boilers, but also to at least 16 industrial boiler plants(58 , but it is
considered unlikely to be used on industrial boilers in the U.K. because

of the high capital cost and the problems of waste disposal. Most plants
operating in the USA give flue gas desulphurisation efficiencies ranging

from 75% to 90%, and %lant availability ranges from poor to moderately

good. A recent study 59) by Battelle (Columbus) Research Institute of

four FGD installation (including both once-through and regenerative types),
operating on high-sulphur coal fired power plants concluded that none of

the emissions at any of the four stations met the proposed revised New

Source Performance Standards, which would require not more than 0.516 kg
SOQ/GJ heat input, plus at least 90% SO, removal on a 24-hour averaging basis
unless emission was below 0.085 kg S02/GJ. Concerning availability, the best
that could be said was that the systems limp along from one problem to another.

Referring to the newly-emerging processes described in section 2.6.2,
it is possible that one or more of these may be commercial propositions
before 1985, and could therefore, if sufficiently attractive, be in
operation in the U.K. before the end of the present century. It is not
yet possible to predict costs of these processes with any confidence.

Three of the processes are wet, two are dry, and one (active carbon) can

be either wet or dry. All are regenerative. Dry processes offer the

great advantage that gas reheat (which accounts for about 50% of the energy
use(60) in once through and for 15 to 30% in regenerative processes) is not
needed. An additional attraction of dry processes is that corrosion is

less of a problem. Corrosion results from acid liquor, the build-up of
chloride ions and physical stress, either operating separately or in concert.
It is combated by use of corrosion-resistant metals such as low-—carbon stain-
less steel or special alloys(6l) The use of plastic coatings over less
expensive metals has also been tried, but these coatings usually offer

little resistance to erosion, and the presence of solid particles in the
scrubbing liquor will quickly result in the exposure of bare metal which

will rapidly corrode. Rubber or ceramic coatings are now reported to be

more satisfactor‘y(G2 . Since coal ash is usually fairly abrasive, removal

of particulates before wet scrubbing systems is recommended, although

some wet processes remove both particulates and sulphur oxides in a single
stage.

2.6.4 Energy requirements of FGD

The most informative way of presenting energy requirements of FGD is
as a percentage of ‘input energy to the boiler in the form of coal. Electric
power requirements are converted to their input energy equivalents by
dividing by the fractional efficiency of power generation for the plant.
Since the ultimate objective is to compare the input energies for the same
amount of useful output with and without FGD, the value taken for input
»nergy should be the net input energy, i.e. the input energy to the plant
l2ss that required for operation of the FGD process.
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For the once through processes, the demands for extra energy are
in respect of liquid pumping, sludge dewatering and flue gas reheat, but
for the regenerative processes additional demands are introduced by the
various processes required for regeneration of the absorbant and recovery
of the sulphur, and additional fan requirements. Tables 15, 16 and 17
show estimates of the total energy requirements for various FGD processes.
The estimates are based on information supplied in references 60 and 63,
and where lime is used the energy required for calcination is taken into
account.

As remarked earlier, the process of most interest to the electricity
industry in the U.K. is the Wellman Lord process. If this were to be
applied to all coals supplied to the U.K. electricity industry (using the
data of Table Al.l and the 1975/76 average calorific value of 24.1 GJ/
tonnel), the total energy required to meet an emission limit of 0.5 kg
SOZ/GJ heat input would be 666 TJ per million tonnes of coal, representing
2.8% of the gross heat input. To meet an emission limit of 0.25 kg
SOZ/GJ heat input, the energy required for FGD would be 936 TJ per million
tonnes of coal, representing 3.9% of the gross heat input.

2.6.5. Costs of FGD

The economics of flue gas desulphurisation are subject to a great
deal of uncertainty, but in the light of experience gained in USA and
Japan, it is now recognised that early cost estimates were far too low.
Capital costs for the lime/limestone slurry treatments are now recognised
to be of the order of 25% of the total generating plant costs, and annual
costs (including sludge disposal and capital charges) range from ‘
approximately 25% of 'no-FGD' generating costs at 80% load factor to 45%
at 40% load factor(62). One report is even more pessimistic(59).

(64)

Plant for regenerative processes tends to be more complex, but this
is compensated for by the lack of waste disposal ponds and operating costs
are offset by sale of by-products. A detailed discussion of the possible
effect on markets for these if FGD were to be widely adopted is contained
in reference 37.

FGD facilities fitted on to existing power stations cost on average
about 12% more in capital expenditure than on new power stations, for
the same size and desulphurisation capacity. Estimated capital costs
for some FGD processes fitted on new 500 MW coal-fired power units are
shown in Table 18. The estimates are based on a 1976 TVA survey(65 , in
conjunction with more recent reports on actual plant costs which have
been found to be 50% to 100% higher than the TVA estimates 64,66) .
Capital costs for limestone slurry scrubbing have been found(62) to be
about $138/kW (1977 value) for a 500 MW plant, compared to $53 to $65
(depending on sulphur content of coal) predicted by TVA 37). For the
Wellman Lord process, figures are available for a plant installed on an
existing 115 MW coal-fired unit burning 3.5% S coal at the Dean Mitchell
power station of the North Indiana Public Service Company. Although it
has been claimed(67 that the capital cost was 269/kW, it seems quite
clear that the final cost of construction was $18 m(67»68) which
represents $157/kW. This compared with a TVA estimate of $118/kW for
a retrofit Wellman Lord plant on a 200 MW boiler firing 3.5% S coal,
with 90% sulphur removal.
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TABLE 15

Energy requirements for FGD

Energy requirement
GJ/tonne S removed

Process

Once-through processes

Limestone slurry scrubbing 30
Lime slurry scrubbing 50
Seawater scrubbing 50
Regenerative processes

Wellman Lord? 95
Magnesium oxide? 100
Magnesium oxide3 60
Active carbon 90
CuO absorption 140
Ammonia (IFP) 85

Notes: See Table 17

TABLE 16

Energy loss by FGD to meet emission

standard of 0.5 kg SOy per GJ input

Energy loss,l'z for given coal S content
Process
0.5Z2 S| 1.0ZS | 1.52 S | 2.0Z2S | 2.52 S| 3.0Z S

Once-through processes
Limestone slurry 0 0.3 0.8 1.4 1.9 2.4
Lime slurry 0 0.5 1.4 2.3 3.1 4.0
Seawater scrubbing 0 0.5 1.4 2.3 3.1 4.0
Regenerative processes
Wellman Lord? 0 1.0 2.6 4.3 6.0 7.6
Magnesium oxide 0 1.0 2.8 4.5 6.3 8.0
Magnesium oxide3 0 0.6 1.7 2.7 3.8 4.8
Active carbon 0 0.9 2.5 4.1 5.7 7.2
Cu0 absorption 0 1.4 3.9 6.3 8.8 1.3
Ammonia (IFP) 0 0.9 2.3 3.8 5.3 6.8

Notes: See Table 17
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TABLE 17

Energy loss by FGD to meet emission standard of 0.25 kg per GJ input

Energy loss,1

% for given coal S content

Process -

0.5%Z2 S|{1.0Z S| 1.5 S| 2.0%Z S| 2.57 S ;3.0% S
Once-through processes
Limestone slurry 0.2 0.7 1.2 1.7 2.3 2.8
Lime slurry 0.3 1.1 2.0 2.9 3.8 4.6
Seawater 0.3 1.1 2.0 2.9 3.8 4.6
Regenerative processes
Wellman Lord? 0.5 | 2.2 3.8 5.5 7.2 8.8
Magnesium oxide2 0.5 2.3 4.0 5.8 7.5 9.3
Magnesium oxide3 0.3 1.4 2.4 3.5 4.5 5.6
Active carbon 0.5 2.0 3.6 5.2 6.8 8.4
Cu0 absorption 0.7 3.2 5.6 8.1 10.6 13.0
Ammonia (IFP) 0.4 1.9 3.4 4.9 6.4 7.9

Notes to Tables 15, 16 and 17

1, Energy requirement of process as a percentage of input energy to
boiler without flue gas desulphurisation.

2, With production of sulphur.

3. With production of sulphuric acid.

For coal of calorific wvalue 25.6 GJ/tonne.

Generation efficiency 11 MJ(Th)/kwh without FGD.
Lime and limestone processes include sludge disposal.
10% sulphur retention by ash is assumed.
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TABLE 18

FGD capital costs (USA experience)
($/kW)

Emission limit, kg S0,/GJ 0.5 0.25

Sulphur content of coal, Zwt. | 1 | 2 | 3 1]12) 3

Limestone or lime 95 |101 {109 § 97 105|111
Wellman Lord 220 1260 |300 238 1274 1305
Magnesium oxide 144 |197 {237 166 {211 {260

500 MW unitj March 1979 costs; U.S.A. location.
Sources: references 59, 62, 64, 65, 66.

TABLE 19

FGD annual costs

New 500 MW unit; 5260 hours operation a year;
907 S removal on 3.57 S coal

Process Additional generating cost, (a)
mils/kWh
Wellman Lord 7.5
Magnesium oxide 6.7
IFP Ammonia 5.5
Bergbau-Forschung 7.1

ra

(a) At March 1979; 1 mil is 1/1000 U.S, dollar
U.S.A. location
Sources: references 13, 37, 43, 67.
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To take these facts into account, the TVA estimates have been
increased by 75%, and the costs converted to U.S. dollars at March
1979 values, in Table 18.

The costs relating to plant construction and operation in USA cannot
be used as a firm indication of costs in the U.K. because of the different
constraints which operate in this country. The Central Electricity Generating
Board have costed one FGD process - Wellman Lord - for U.K. conditions and
have found the anticipated capital costs on the station for installation on
a proposed new 3 x 660 MW power station to be as high as £95/kW. A retrofit
installation on the same size of station is estimated to cost £105/kW.
There are additional capital and operating costs incurred on the rest of
the generating system, which are particularly significant for retrofit-
situations. These costs are not included in the above figures.

Operating costs can vary widely from plant to plant depending on
the degree of maintenance and repair required, transport costs for
waste disposal, etc. A detailed discussion of operating costs for a
number of FGD processes is given in reference 37; Dbecause of the
limitations on space for waste disposal in the U.K., only the two
commercially available regenerative processes, Wellman Lord and Magnesium
oxide and two new processes — carbon and IFP ammonia will be considered
here. The Chiyoda Thoroughbred process is not dealt with because the
produces gypsum, for which future demand in Britain is doubtful. Cost
estimates for the less well developed processes are less likely to be
accurate than those for an established process such as the Wellman Lord.

Costs can be broken down into raw material costs, énergy costs,
labour costs, waste disposal costs, maintenance costs and charges on the
capital cost. Revenue from sale of the by-products can be set against
the operating costs. For regenerative processes the waste disposal costs
are small. For the Wellman Lord process up to 1 tonne/hour of solid
sodium sulphate is produced from the scrubbing liquor purge for a 500 MW
station on high sulphur coal. There might be a market for this, but it
is more likely that money would have to be spent to dispose of it without
causing environmental harm. (See section 2.6.7).

Operating costs comparisons for the four regenerative processes
named are summarised in Table 19. The figures refer to a 500 MW unit
with the equivalent of 5260 hours annual operation at full rating, burning
3.5% sulphur coal at 90% sulphur removal,(13'37'43’67) and take into.- account
the fact that capital costs have been found to be higher than those
originally estimated. The costings have not been made for the specifically
British operating condition, and are of value principally in showing how
operating costs of the four processes compared, as judged by the standards
of relative prices in the years 1973 to 1976 and in the light of knowledge
of the various processes at that time.

Only one process has been costed with particular reference to
conditions 1in the U.K. at the present time, namely the Wellman Lord process.
Recent CEGB estimates of operating costs for this on an average power station
coal show that it is expected to add between 25 and 30% to the generating
cost of electricity. This represents a cost per kWh due to FGD of 0.35
to 0.4 p/kWh, (base generating cost 1.4 to 1.6 p/kWh), which agrees with the
level shown in Table 19, which was for a coal of higher sulphur content than
average British coal, but a U.S. location.

Energy losses result from requirements of heat to expel absorbed SO02
and regenerate the absorbent solution, consumption of reducing agent in the
production of sulphur, flue gas reheat, and electric power requirements to
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drive pumps and stirrers and to supply additional fan power. 1t is estimated
that operation of the Wellman Lord process on a typical U.K. coal-{ired power
station burning coal of an average sulphur content would reduce the overall
electricity generation efficiency by four percentage points. There would be
an associated, but smaller, de-rating of the station production capacity.

The latter could result in additional capital costs in the generating system
as a whole, and these have not been taken into account here.

Although the Wellman Lord appears to be the most expensive of the regener-
ative processes, it is the only really well established one. The one magnesium
oxide plant operating in the USA has suffered from serious 08 rational
difficulties(69 , and plant availability has been only 37%(4 .. The effective-
ness of the recycled MgO and make-up requirements are still not clear.

Cost estimates for the two processes not yet available on a commercial
basis are very uncertain.

2.6.6 Possible market penetration in the U.K.

This section considers the essentially practical problems that would
limit or determine the rate of installation of FGD systems in cocal-fired power
stations in the U.K. in a hypothetical situation in which a decision had been
taken to equip all plant with FGD as quickly as possible. This decision would
have been taken in the light of all evidence for and against such action,
including cost, energy losses, and benefits to the environment at home and
overseas. At present the picture is far too incomplete for anj such decision
to be justified or even appear likely to be justifiable.

The extent to which flue gas desulphurisation might be introduced between
now and the year 2000 depends on the requirements that might be made to meet
any new legislation on ambient air quality or the emission of pollutants from
combustion in stationary sources. There would, however, be an upper limit to
the rate at which FGD plant could be installed in power stations, because of
the need to keep a certain minimum generation capacity operable at all times.
Installation of FGD would mean that the plant in question would have to be
taken out of service for up to a year. It is estimated that the conversion
rate of existing plant would be about 800 MW a year. If necessary, any new
coal burning power stations could, of course, be built with FGD, but apart
from one 2000 MW station expected to be completed before 1985, no further
coal-fired plant is at present anticipated until nearing the end of the
century. If it is assumed that the power station to be built during the
next five years had to be equipped with FGD, and that FGD giving 90%
sulphur retention had to be installed as quickly as is practicable on
existing coal-fired plant, the reduced sulphur emissions and the associated
costs (March 1979 values) would be as shown in Table 20.

The resultant reduction in SO2 emissions depends on the amount of coal
actually burnt in coal-fired power stations in any year. This depends on
various factors, of which the pattern of demand and operational availability
are two important ones. Some guidance on possible future average annual
loads in coal-fired power stations is gained by studying the statistics for
power generation in England and Wales for 1977/78(70¥.

In this year the CEGB operated about 83 coal-fired stations, many of
them old and small, which were only used at times of very high demands for
electricity. The total gross coal-fired generating capability was
approximately 38,600 MW, and the average load (defined as the annual output
of electricity divided by the output which would have resulted if all
coal-fired generating capacity operated at full capability throughout the
year) was 0.448 (or 44.8%).
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TABLE 20

Sulphur dioxide emissions if FGD were to be installed at

maximum possible rate in UK power stations, and extra costs

which would be incurred

Year 1985 | 1990 | 2000
Net generating capability equipped with FGD, MW 6,000 }10,000|18,000
802 emission rate in absence of FGD, 103 tonnes p.a. | 2,430| 2,403| 2,349
S0y emission rate with FGD, 103 tonnes p.a. '2,141 1,918 1,482
Total installation cost(a) £106 610} 1,030} 1,870
Annual additional cost £10° 103 171 308

(a) Cost incurred between 1980 and relevant year.

Costs all at March 1979 values.
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Most of the older and smaller stations are in the South of England;
the Midlands and North-east England between them hold 66% of the total
coal-fired generating capability, and accounted for 75% of the total
coal-generated electricity in 1977/78. The average load for these two
areas was 51.1%, and it is assumed in Table 20 that this will be the load
factor for the stations which would be preferentially equipped with FGD,
if it were decided to use FGD in the future. An average thermal efficiency
of 34% for the larger, newer stations is also assumed in the calculations
for Table 20, leading to a coal usage of 0.44 tonnes per MWh of electricity
generated. The basic cost figures used are those estimated by the CEGB.

The value of the sulphur produced by the Wellman Lord process, at
March 1979 market price (£275/tonne) would be £75 million per annum in
1985; £125 million per annum in 1990 and £225 million per annum in 2000.
There is little prospect that 1979 sulphur prices could be maintained
however, if regeneration FGD processes and SNG manufacture were in wide-
spread use, because of the high rate of production of the element which
would flood the market. Little or no credit can therefore be allowed for
future years.

2.6.7 Disposal of solid products from FGD

Only the products from the Wellman Lord process will be considered.
Apart from the main product (sulphur or sulphuric acid), the only
material produced in significant quantities is sodium sulphate. It might
be possible to sell part of the latter, but if no use can be found for
it, care would have to be taken in its disposal because of its high
solubility. Disposal at sea is a possibility (it occurs naturally in
quite high concentrations in sea water). If it is assumed that 5% of the
sulphur removed from the flue gas finishes up as sodium sulphate, the
annual rate of production from a 2000 MW power station on 51.1% load
factor, and burning an average British coal, would be 10,700 tonnes, as
NapS804. Davy Powergas, who market the Wellman Lord process, are under-
stood to be testing a process modification for the reduction of sulphate
to sulphite, which would eliminate this by-product and reduce sodium
carbonate consumption, but would increase energy requirements.

The annual production of sulphur (99.5 + % purity) from the same
power station would be 45,800 tonnes. If no immediate market exists,
sulphur can be stored safely, without deterioration for an indefinite
period; if stored underground it ¥ould not be expected to present a
water-pollution hazard.
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Oxides of Nitrogen

3.1 Contribution of coal-fired plant to ground-level concentrations

Oxides of nitrogen referred to specifically in this section are nitric
oxide, NO and nitrogen dioxide, NO,. Both are emitted by combustion
appliances, but nitric oxide predominates. After emission to the atmosphere,
nitric oxide is oxidised to the more toxic dioxide, which is known to reduce
resistance to respiratory infections, and if present in sufficiently high
concentrations (3000 ug/m3 or more) will generally impair respiratory
function(7l . Nitrogen dioxide is an important contributor to the formation
of photochemical smogs, which require also the presence of hydrocarbon
vapours and prolonged sunlight. They tend to occur therefore in regions
where long periods of anticyclonic weather occur, and where there is a
plentiful supply of nitrogen oxides and unburnt hydrocarbon vapours. These
conditions are found in various parts of the USA, but only rarely in the
U.K. Concentrations of IOOO)ug/m3 of NO2 have been measured in photo-
chemical smogs, and these are associated with other highl& irritant
compounds, mainly peroxides.

Where this type of smog has been prevalent, concern has arisen over
NOy emissions and legislation restricting them has been adopted (Table 21).
On present evidence, however, there appears to be little concern in the
U.K., where the current standards for flue gas dispersal (i.e. the tall-
stack policy) ensure effective dispersal of combustion gases and the
climate does not favour prolonged irradiation of the hydrocarbons and NOy
emitted at ground level by cars and lorries.

Most of the published data on NOy emission from fossil-fuel combustion
originates in the USA, and includes results for wet bottom and for dry
bottom pulverised coal fired furnaces. RNearly all U.K. power plant uses
dry-bottom furnaces which operate at lower temperatures and therefore
produce less NO,. Hence the amount of NOy, emitted by coal-fired boilers
in the U.K. will not exceed estimates based on USA experience. Estimates
of NO, emissions from the coal-fired plant operating at the present time
are given in Table 5 of Part 1 of this study(l), and these agree broadly
with the U.S. published data.

The relative importance of coal as a source of NOy in the USA in
1976 can be judged from Table 22 which lists the 24 main types of source
in order of the quantity that they emit. The four representing coal
combustion account for only 19.3% of the total from all man-made sources,
or 38.1% of that from stationary sources. The NO, which comes from
transport vehicles results in much higher ambient air concentrations
because it is emitted close to ground level. Other combustion of oil
also contributes large amounts of NOy.

Part 1 of this study(l) estimates an increase of about 50% in
NOy emissions from coal use in the U.K. between 1975/76 and 2000, on the
basis of continued practice of present combustion technology. An increase
of 66% from stationary sources (all fuels) from 1975 to 1985 has been
predicted in the USA 2), and a German prediction(73) also foresaw a
rapid increase. It can therefore be assumed that in the absence of
special action to control NO, emissions, the upward trend in emission
is likely to continue throughout the 1980 s and '90s, in Britain as
elsewhere. This may lead to restrictive legislation which may be
applied to stationary sources as well as, or instead of, transport
vehicles. However, any benefits from such legislation would be highly
doubtful, because it can be shown that the ground level NOx concentrations
arising from the combustion of most of the coal mined in the U.K. are very
low.
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TABLE 21

NO, emission standards and projected research objectives

for large fossil fuel-fired boilers, U.S.A.

Present EPA standard (38) Projected research objectives (71)
Lb NOyx/MBtu 1980 1985
input to boiler@ | NO, ppmb NOy, ppmP NO,, ppmb
Gaseous fuel 0.2 150 100 50
Liquid fuel 0.3 225 150 90
Solid fuel 0.7 550 200 100

a. Expressed as NOz.
b. Calculated at 37 excess 0j, dry basis.




- 163 —

TABLE 22
NOx emission from stationary sources in U.S.A.72
7 2
emissions, emissions,
Mass NOy stationary all
Rank Source - metric ton/yr sources sources
1. Coal-fired steam utility generators 3,495,000 30.8 15.6
2, Fuel-burning reciprocating engines 2,132,000 18.8 9.54
3. 0Oil-fired industrial/commercial boilers 1,245,000 11.0 5.57
4. Oil-fired steam utility generators 1,114,000 9.80 4.98
5. Gas-fired steam utility generators 835,100 7.35 3.74
6. Coal-fired industrial/commercial boilers 734,600 6.46 3.29
7. Gas-fired industrial/commercial boilers 491,400 4.32 2.20
8.  Fuel-burning turbine engines 253,300 2.23 1.13
9. Cement manufacture 91,310 0.803 0.408
10. Industrial/commercial space heating 80,560 0.709 0.360
11. Crude distillation of petroleum 69,640 0.613 0.312
12. Glass manufacture 68,160 0.600 0.305
13, Catalytic cracking of petroleum 60,730 0.534 0.272
14, Coal refuse piles (and abandoned mines) 30,590 0.269 0.137
15, Nitric acid manufacture 27,050 0.238 0.121
16. Vacuum distillation of petroleum 25,100 0.221 0.112
17. Ethylene manufacture 24,020 0.211 0.107
18. Wood-waste incineration 23,960 0.211 0.107
19. High density polyethylene manufacture 13,930 0.123 0.0623
20. Propylene manufacture 12,600 0.111 0.0563
21. Benzene manufacture 10,770 0.0947 0.0482
22. C4 hydrocarbons manufacture 10,450 0.0919 0.0467
23. Brick kilns and dryers 8,680 0.0764 0.0388
24, Mineral-wood manufacture 8,061 0.0709 0.0361
Others 503,989 4.43 2.25
Total 11,370,000 100.17%* 50.85

Assessment Overview Matrix,"

*because of rounding
Source: Momnsanto Research Corp-Dayton Laboratory (Dayton, Ohio), ''Source
Sept. 21, 1976: EPA contract no. 68-02-1874
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The highest concentration of NO, in flue gas from an avera%e dry-
bottom pulverised-coal fired boiler is about 600 vppm (1.23 g/m° as

NO,) (Table 23), and when diluted by the factor derived in Section 2.2.1
for stack gases from power stations, this gives a maximum 24-hour mean
g.l.c. of 1.8 vpphm (36 ug/m> as NO,) and a maximum yearly g.l.c. of

0.2 vpphm (A»;ug/m3 as NOZ). This is considerably lower than concentrations
encountered in photochemical smogs, and lower than the U.S. EPA Air Quality
Standard for NOy, which is 100 mg/m3 (measured as NOZ)(38).

It is therefore unlikely that legislation to control NOy emissions from
coal combustion would result in a significant improvement in ambient air
quality. However, techniques have been investigated in some countries for
the reduction of NOy emissions, and the remainder of this section considers
the reductions that could be achieved and the costs of doing so.

3.2 Methods of reducing NO, emission

3.2.1 Minimising formation

Both the chemically combined nitrogen in the fuel and the free
nitrogen in air can be oxidised during combustion to form nitric oxide
or nitrogen dioxide. Oxidation varies with the method of firing (Table
23), and is encouraged by high oxygen conce?gg?tion, high flame temperature
and long residence time at high temperature . Concentrations of NO4
formed in the hottest part of the flame are frequently in excess of
concentrations for equilibrium at the lower temperatures prevailing at
the furnace outlet, and some decomposition of nitrogen oxides may therefore
occur downstream of the flame. The decomposition reaction is not rapid,
however, and becomes quite slow at temperatures below 1300°C, so that
rapid cooling of the furnace gases leads to higher NO, emissions
because the concentrations are '"frozen" at their high temperature
equilibrium level. Modification of the combustion process to reduce
any or all of the factors encouraging high NOx concentrations was an
obvious first approach which could be applied quickly and reasonably
cheaply to existing plant.

Much of the work has been done in Japan and the USA on oil-fired
boilers, where control of combustion conditions is more easily accomplished
because of the ease of controlling and metering the fuel streams to the
burners. Extension of the techniques to coal-firing will be more difficult
and less rewarding, because of this fact.

Modifications that have beeniconsidered for use in conventional
boilers, their agglicability and their effects, are shown in Table 24,
while Table 25(53) shows estimates of NOy reduction for five practical
modifications together with their energy cost in loss of thermal
efficiency (if any), and their status with respect to current use and
research. In general the improvements are small, 15 to 40% and may
be accompanied by loss of efficiency and/or output and, in some cases,
by complications such as corrosion and tube wastage. Greater reductions,
50 to 80%, could be achieved by Chan%in% from conventional to pressurised
fluidised-bed firing for new boilers 76 y» but as was remarked in Section
2.5.2 fluidised combustion is unlikely to be used for power generation
in the U.K. before 2000. The only significant use of this mode of
combustion is expected to be in industrial boilers operating at atmospheric
pressure, and NOx emissions from these will only be slightly less than

(53)
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 TABLE 23

Concentration ranges of NO; from
; 74 \

coal fired power plants

b Type of firing Typical NO, concentration,
ppm

PF: Vertically-fired 225-310
Horizontally opposed firing 340-375
Tangential (corner-fired) 420-500
Front wall fired 390-600

Other: Cyclone 800-1200
Spreader stoker 400-470
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for conventional firing methods, unless special consideration is given
in the design of fluidised-bed fired boilers of the need to lower NO4
emissions. This could be done, for example, by supplying the bed with
less than the theoretical amount of air to burn all the coal, and
completing the combustion in an overbed combustion zone with a secondary
air supply. Most of the NO, produced in fluidised combustion of coal

is formed by oxidation of the nitrogen-containing compounds in the fuel,
and the two-stage combustion process would disfavour the formation of
NOy in the bed from fuel nitrogen. It would also, unfortunately, reduce
the efficiency of sulphur retention by limestone in the bed, because
oxygen is needed for the formation of calcium sulphate (see Section 2.5.1).

3.2.2 Flue gas treatment

Since combustion modification alone cannot usually reduce emissions
to the level required by the US. EPA, and because the close control of
combustion conditions necessary is difficult to accomplish when burning
coal, attention has turned towards the removal of NO, from flue gas.

Many processes are being developed in USA and Japan; Table 26 lists
fifteen wet processes and Table 27 twenty five dry processes according
to their stage of development. These tables are based on information
supplied in reference 75, which also lists disadvantages of the various
processes. The most recurrent disadvantages are, for wet processes,

that they require significant amounts of energy for the regeneration step,
that they have not been operated continuously for a long period, that they
use large amounts of stainless steel or other expensive materials for
process equipment, and that they require flue gas reheat. Disadvantages
of a large number of the dry processes are that they require previous
removal of particulates, and they require an auxiliary heater to control
the reaction temperature. Most processes, both wet and dry have the
drawback that they have not been tested on coal-fired flue gas.

Principles applied in the various processes include absorption
and reduction (AR), oxidation and absorption followed by reduction(OAR),
oxidation and absorption (OA), absorption followed by oxidation (AOQ),
radiation (R), selective catalytic reduction (SCR), selective non-
catalytic reduction (SNR), adsorption (AD) and nonselective catalytic
reduction (NCR).

In AR processes the nitric oxide is absorbed by a water-soluble
ferrous—chelating compound after which it is fairly readily reduced
by SO, which is also absorbed. High liquid to gas ratios are required,
and equipment is expensive. OAR processes employ an initial gas
phase oxidation stage to convert NO to the more soluble NOo, after
which conventisnal FGD scrubbers (but not lime or limestone) can be
used, in which NO,-80, reduction-oxidation occurs. The gas phase
oxidants (03 or Cl0,) are expensive and must be generated on-site, but
scrubbing with an oxidant solution such as permanganate or dilute sodium
hypochlorite solution(77) has been claimed to be both cheap and effective
(AO process). OA processes involve a gas phase oxidation followed by
straight absorption without reduction, and are for this reason less
relevant to coal combustion gases which usually contain S0,. The
oxidation processes all produce soluble nitrates in the wash liquors,
which are difficult to remove and prohibit discharge as a wastewater
stream.
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Of the dry processes, SCR is the most tested and advanced. Ammonia -
gas is used as a reductant, and is injected intc the flue gas after the
economiser. The resultant mixture is passed over a proprietary base
metal catalyst. The product of the reaction is gaseous nitrogen which is
discharged from the stack with the flue gas. The catalysts are sensitive
to contamination by particulates in the flue gas, and development work to
minimise the problems in coal-firing is in progress. A further problem is
the formation of ammonium bisulphate downstream from the reactor. This
can deposit and cause fouling of the air-heater, or result in a visible
plume from the stack. Many SCR processes claim reduction to less than
10 ppm NO. ‘

NCR processes involve the injection of a reducing gas into the
radiant zone of the boiler to remove excess oxygen and therefore to
minimise SOcand NOy formation, after which the flue gas containing some
S0, and NOy is passed over a catalyst when hydrogen sulphide and nitrogen
are formed. The Hy5 is removed in a conventional Stretford unit, to
produce elemental sulphur as a marketable by-product. Disadvantages are
the expense of the reducing gas and the possibility of increased corrosion
in the boiler.

In the SNR processes the ammonia is injected directly into the upper
part of the boiler to selectively reduce NOX to nitrogen. It requires a
high ammonia to NOy ratio, operates in a very narrow temperature range,
and only gives a low NO, removal and is not well placed to compete with
the other dry processes.

The adsorption processes are based on the use of active carbon,
which is regenerated at high temperature to desorb both SO, and nitrogen
gas which was adsorbed as NOy. Efficiency of removal of NOy is not
high, and there is a large carbon loss (see Section 2.6.2). The
radiation process is somewhat different from all the others; the flue
gas 1s bombarded with an electron beam which converts the particulates,
S0, and NOy into a dry powder which is removed in an electrostatic
precipitator. Capital investment requirement is high, and S0, removal |
is only about 80%, although NOy removal is good. A further attraction
is that no chemicals are required for the treatment.

- Only five processes have reached the commercial stage (Table 28),
and experience on flue gas .from coal-fired boilers is very scarce.
Capital and operating cost can therefore only be roughly estimated;
most estimates which have been published are probably optimistic.

3.3 Costs of reducing NOy emission

None of the costs presented here have been calculated for British
location of plant, and should therefore be regarded as rough guides only.

3.3.1 Minimising formation

Estimates of capital costs for two of the proposed combustion
modifications and operating costs for one process are shown in Tables
29 and 30. Operating cost estimates are also shown in Table 31, which
covers a wider range of modifications but does not refer exclusively to
coal firing. Moreover, the way the costs are expressed in Table 31 does
not allow easy comparison with the other tables, and it is included
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TABLE 28

Current status of NOX removal processes, November 1977

dit:%ipgint Size, MW §E§222s22
Commercial 250 5
Prototype 5 to 50 10
Pilot plant 0.5 to 5 14
Bench scale <0.5

Conceptual -

Source: Reference 77.

TABLE 29

Estimated investment costs for low excess air firing

on existing coal-fired boilers needing modifications

(Elecg%a;i’léﬁtpm Tavestuant. Cost
1000 0.67
750 0.71
500 0.77
250 0.90
120 1.02

Source: Reference 53.
March 1979 costs (corrected from estimates for 1974)

U.S.A. location.
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TABLE 30

Differential operating costs of OFA on new and existing tangential coal-

fired utility boilers (Net heat rate 10.0 MJ/kWh)

1975 costs
New New Recent Older Older
Plant Plant Existing Existing Existing
Without With With added Without With added
Overfire Air |Overfire Air [Overfire Air | Overfire Air |[Overfire Air
Capital Costs $/kw 500.00 500.20 500.70 250.00 250.70
Annual Cap. Cost § 40,000,000% | 40,016,000 | 40,056,000 | 20,000,000° | 20,056,000
Annual Fuel Cost $ 18,000,000c 18,000,000 18,000,000 9,000,000d 9,000,000
Labor & Maint.® @ 8,100,000 8,100,000 | 8,100,000 8,100,000 8,100,000
Total Annual Costf ¢ 66,100,000 | 66,116,000 | 66,156,000 | 37,100,000 | 37,156,000
Electricity Cost®
mils/kWhr 24,481 24,487 24,502 13,741 13,762
Increase - 7 - 0.024 0.086 - 0.153
Increase - mils/kWhrf - 0.006 0.021 - 0.021

Based on:

®Annual fixed charge rate of 16% x 500 $/kW x 500,000 kW

2162 x 250 $/kW x 500,000 kW

0.70 3/106 Btu coal cost x 5,400 hr/yr x 500,000 kW x 9,500 Btu/kWhr

®Labor and maintenance cost of 3.0 mils/kWhr

f
Cost at plant bus bar;

Conversion factor: 1 (1975) =

Source: reference 53

TABLE 31

5,400 hr/yr at 500 MW - 2,700 GWhr/yr

£0.62 (1979)

1

Costs of NO _control by combustion modification

‘d0.35 /10 Btu coal cost x 5,400 hr/yr x 500,000 kW x 9,500 Btu/kWhr

transmission and distribution not included

(Units of £/Ton NO2 prevented)

Firing Rate
MW(Th) ’ 0

Control 2.93 29.3 293
Option

Low excess air (-10%) 1060 175 -175
Staged Combustion (253 590 175 60
Flue Gas Recirculation (203%) 1350 530 410
Reduced Air preheat (-100 °F) 970 930 880
Water injection (1 1b/1b) 1470 1295 1175
Ammonia injection (90%2) 590 230 220
Reburnering - Low NOx burners 470-590 | 265--325 120-175

Source: Reference 79: Converted to March 1979 costs
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mainly as a guide to the ratios of costs of various methods in various

sizes of boiler. Table 30 shows that capital costs are small, very much
less than 1% of the total cost of the plant, even for retrofitting on an
old plant. This estimate assumes that there will be no adverse effects

on plant efficiency, availability or maintenance requirements which, in

consideration of the information in Table 25 is a dubious assumption.

3.3.2 NOy removal by flue gas treatment

Table 32 summarises the development status, NOy removal efficiency
and costs of selective catalytic reduction processes, and Table 33 gives
what information there is for other dry removal processes. At about the
same time the report was published which presented these estimates,
opinions were being expressed that actual installation and operating costs
would be much higher. For the Hitachi process, for example, an estimate
of £75/kW capital cost and 0.45 p/kWh differential operating costs on a
125 MW coal-fired boiler in the USA was keported(8ov. These are much
higher than indicated in Table 32.

Tables 34 and 35 give similar data for wet absorption-reduction
processes and oxidation-absorption-reduction processes respectively.
Operating costs for the wet processes, estimated even at this early stage
of development when costs tend to be optimistic, are high compared with
the dry removal processes and represent nearly 40% of present total
generating costs in the U.K. However, it should be pointed out that most
of the wet processes remove SOp in addition to NOy, and the dry processes
that are suitable for SO, removal are considerably more expensive than
those that are not (Table 32).

3.4 Probable market penetration of NO, reduction processes in U.K.

Because of the lack of operating experience, especially on coal-fired
boilers, and because of the small benefits likely to result in ambient air
gquality, it is not considered that the flue gas treatments will prove
attractive in the U.K., unless there are unexpected developments in our
understanding of the environmental effects of low concentrations of
nitrogen oxides. However, if the Wellman Lord process is adopted for flue
gas desulphurisation, and if modifications to the process in order to make
it suitable for NOy removal are found to be relatively inexpensive and
trouble-free, then it is possible that such a modified Wellman Lord process
will be used in the U.K.,at least for electricity-generating boilers. At
present, it cannot be said that the prospects for this are encouraging.

Combustion modifications, on the other hand, require much less in the
way of capital investment, and additional operating costs should be quite
small provided there is no loss of thermal efficiency or additional corrosion
as a result of the modifications. It is probable that NOy emissions from
power stations could be reduced by up to about 20% for an increase in
generation costs of not more than 4%. The increase is larger than
suggested in Table 30, because much more complicated and expensive
instrumentation would be needed to ensure adequate control of feed to
the burners in order to avoid risks of inefficient combustion and
corrosion.
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TABLE 32

Status and economics of dry selective catalytic reduction

(Japanese location except where noted)

NOx removal processes

Development status |Removal efficiency % Reported
. revenue
Process - capital cost requirement
Scale MW equiv. NOy S09 £/kW /kWh

Eneron Pilot 1.5 |65 (oil) - 7(d) 0.012 @
Exxon(2) | Bench 02003 70-95 90-95 - -
Hitachi Commercial| 170 >90 - 31.0 -
Hitachi Zosen(b) Commercial} 275 290 - 11 0.10
JGC Paranox Prototype 23 295 - 18.5 -
Kobe Bench 0.3 90 - 8-14,5 0.09-0.12
Kurabo Prototype 10 >90 - 24 0.10
Kureha Pilot 1.6 90 - - -
Mitsubishi H.I. Pilot 1.3 90 - - -
Mitsubishi K.K. | Pilot 4.7 >90 - 25 0.12
Mitsui E+S Commercial| 67 90 - 7 -
Mitsui Toatsu Prototype 30 290 - 34 0.11
Sumitomo Chem Commercial{ 100 90 - 75 0.11
Sumitomo H.I.(¢) | Bench 0.5 >90 - 21 0.16
Sumitomo H.I. Pilot 3.3 85-90 95 32 0.41
Takeda Pilot 3.3 90 80 62 0.045
Ube Pilot 3.3 90 - - -
Unitika(e) Bench 0.07 >90 - 17 0.15
Unitika Pilot 1.5 »90 >90 41 0.47
UOP Prototype | 40 >80 90 73(d) 0.28(d)
yop(c) Prototype | 40 %90 - 17£d) 0.08(d)
(a) Exxon has also studied removal of NOy only.
(b) Also being studied on a 0.07 MW equivalent coal-fired unit.
(c) Units designed for NOy removal only.
(d) U.S.A. location
Source: Reference 77; all costs adjusted to March, 1979 values, using appropriate

Japanese or U.S. inflation factors.
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3.5 Projected emissions of NO, up till the year 2000

Table 36 shows the anticipated NO, emissions, total, integrated,
capital costs, and annual operating costs (including charges on capital,
and maintenance at an estimated annual 20% of capital costs). The
figures in Table 36 are based on the following assumptions:

(i) There is no technology which is likely to become available
for the reduction of low-level emissions.

(ii) The adoption of fluidised bed firing for industrial boilers
and other furnaces will not make any significant change in NOy
emission factors.

(iii) High level emissions can be reduced by 20% by appropriate
measures at existing and new coal-fired power stations between 1980
and 1990. These measures are most likely to be the staged introduc-
tion of combustion air, flue gas recirculation and/or low excess

air.



Probable NOyx emissions from coal combustion and costs of control measures
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TABLE 36

(Combustion modification)

1980 | 1985 1990 | 2000
High-level sources(a) 442 452 397 388
Medium-level sources(a) 70 70 110 230
Low-level sources(a) 6 6 6
Capital cost, £ million(b) 28 55 55
Extra annual costs, p/kWh(c) 0.0028 10.0056

0.0056

(a) Thousands of tonnes per annum.
(b) Between 1980 and the year referred to, at March, 1979 values.
(¢) Includes capital charges and maintenance costs estimated

together as 207 annually of capital cost— March, 1979 values.

Per kWh total electricity generated from coal.
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Suspended particulate matter

4.1 Present position

Standards for the removal of particulate matter are constantly being
improved, resulting in progressively lower rates of emission pef unit of
heat input as coal. In the domestic sector, most of the particulates
emitted take the form of soot or tar fog, due to incomplete combustion
of the volatile matter from the coal. In smokeless zones, the combustion
of bituminous coal is not permitted except in appliances specially
designed to avoid smoke emission such as the NCB "Smoke-eater", and
permitted fuels must, on test, not generate more than 5 grams per hour
at a normal burning rate (usually about 1 kg/hour). '

As the number of smokeless zones in the country grows, total emissions
from domestic fires may be expected to go on decreasing. It was mentioned
in section 2.2.2 that the ground level concentration of smoke in urban
areas of the U.K. fell by 75% between 1960 and 1975, due mainly to the
introduction of smokeless zones.

The second class of emitters of particulate matter is the
industrial sector. Coal fired appliances here fall into two main groups,
first appliances such as boilers where coal is the sole source of
particulates, and second special furnaces and kilns where the charge
being heated contributes to the emissions. The present emission standards
for boilers were set by the Clean Air Act of 1968 and subsequent legislation,
particularly the Clean Air (Emission of Grit and Dust from Furnaces)
Regulations 1971 (Statutory Instrument 1971 No. 162). The gist of these
laws was outlined in Part 1 of this study(l). A Working Party has since
then considered the position regarding furnaces where the charge contributes
to the emission,(81) and legislation is expected to be based on the
recommendations of the working party, but has not yet been introduced.
Many of the coal-fired appliances of this type are at works which come
under the surveillance of the Alkali Inspectorate, and rates of
particulate emission are then limited tp a level which is agreed with the
local Alkali Inspector. For cement kilns for example, the agreement states
that in older kilns (installed before 1975), for outputs up to 1500 tonnes
per day the emission shall not exceed 460 mg/Nm~; for outputs above 3000
tonnes per day the emission shall not exceed 230 mg/NmS; and between
1500 and 3000 tonnes per day the emission shall fall on a sliding scale
in proportion to output. New kilns installed since 1975 must all conform
to a limit of 230 mg/Nm3 regardless of output, and a recent agreement
(which has not yet been confirmed) will reduce this limit still further, to
100 mg/Nm3. While it is obvious that in the case of cement manufacture,
the fuel contributes very little to the emissions, this represents a good
example of the way in which consultation between the Alkali Inspectorate
and manufacturers results in a progressive improvement in pollution control.

A similar form of agreement applies to the emissions from U.K.
power stations, and the level of particulate concentrations currently
agreed with the Alkali Inspectorate for new plant is 115 mg/Nms,
representing about 99.3% efficiency for combustion of a 16% ash coal for
which 15% of the ash is retained in the furnace. Current specifications
now design for 99.5% efficiency in order to ensure that long-term average
emissions do not exceed the agreed level.
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4.2 Possibilities for future reductions of particulate emissions

Each fresh reduction in stack gas concentration of particulates is
more difficult and more expensive to make than the last, when the same
physical principle of removal is being applied. Occasionally, however,
development of a fundamentally new concept of dust-removal will result in
a large improvement for relatively small additional expense. Such
"breakthroughs'" are rare, on the whole, and although various improved
devices are currently being tested, especially in the USA(SZ'SST it is
too early yet to say whether one of them will provide such a breakthrough.
The figures given in this section are only speculative, and are based upon
an extrapolation of past trends in combination with a recognition of
physical barriers and the law of dimishing returns.

4.2.1 Low-level sources

"Smokeless zones'", i.e. areas covered by Smoke Control Orders, have
been introduced progressively in the U.K. since the late 1950s. 212,000
extra premises were brought into smokeless zones in 1977/78, and
approximately 40% of all homes (50% of all homes in urban areas) are now
affected by Smoke Control Orders. For the purposes of this study, it is
assumed that 50,000 households burning coal non-smokelessly will convert
to smokeless operation each year between now and the end of the century.
Using the emission factors given in section 4.4.3 of Part 1 of this study,
a reduction of 0.0325 tonne of particulates is predicted for each tonne
of coal burnt, on going "smokeless". The resultant reductions in particulate
emissions (which are only speculative), are shown in Table 37. The reductions
are dependent on positive action being maintained in the form of subsidies
for conversion to the smokeless use of solid fuels.

4.2.2 Medium-level sources

Any boiler or furnace which is fired with coal, and which utilises
fans for supplying forced draught or induced draught will produce gas
velocities in the bed which are great enough to entrain small particles of
coal and ash. The gas velocities in a fluidised-bed are not greatly in
excess of the average velocities in a fixed bed; in fact local gas
Yelocities in parts of a fixed bed are probably well in excess of those in
most fluidised beds. In conventionally fired boilers, especially of the (86)
travelling grate type, the free moisture content of the coal (up to 12%)
helps to prevent the particles being blown out of the bed before the
ignition plane reaches them. Sprinkler stokers, in which the coal is thrown
on to the surface of the bed tend to result in high solids entrainment if
used for firing a 'smalls' coal.

The cyclone, or multicylcone is at present the most popular form of
gas cleaner for use with industrial boilers. For large boiler plants, an
electrostatic precipitator or bag-filter house may be economically
justifiable, and either of these will give a much more efficient removal of
particulates. For small plants, the most important considerations are low
capital cost and low pressure drop. Wet scrubbers are sometimes used,
particularly where the scrubbed gases can be mixed with a stream of clean,
hot gas from other parts of the process before discharge to atmosphere, but
corrosion and/or erosion can lead to high maintenance costs.
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TABLE 37

Projected emissions of particulates from the

use of coal in the U.K. allowing for improvements

in gas cleaning techniques

(Emissions in thousands of tonnes per annum)

Year 1980 1985 1990 2000
Particulates from high-level 74+ 84+ 83 64
sources (a)

Particulates from high-level . 73 62 48
sources (b)
Particulates from medium— 35 30 33 54
level sources
Particulates from low-level 205 149 127 87
sources
Total (a) 314+ 263+ 243 205
Total (b) 314+ 252+ 222 189

(a) Assuming 16% ash in coal supplied for power generationm.

(b) Assuming only 127 ash in coal supplied for power generation from

1990 onward. 127 ash in 50% of coal supplied in 1985.




— 184 —

If all boiler plants larger than 1 MW (Th) were obliged to install
single-stage electrostatic precipitators or bag filters, particulate
emissions from medium-level sources could be reduced by between 50% and %5%
at a capital cost of the order of £16 per tonne per annum capacity converted.

New processes which might possibly provide a more attractive form of
particulate removal for small plants, but which are not yet commercial .
propositions are the gravel-bed filter(87) and the centrifugal dust collector
because these have prospects of meeting the requirements outlined above for
use on small plants. While it is not yet possible to estimate costs, there
are good prospects that they should both be less than electrostatic
precipitators or bag-houses.

4.2.3 High-level sources

The most usual method of particulate removal practiced by the U.K.
electricity industry is electrostatic precipitation. A large, modern
power station will typically have two or more parallel systems each of
three-stage electrostatic precipitators. At any time, the total volume
flow of flue gas can be handled by one fewer than the number of installed
systems, allowing maintenance to be carried out on one system at a time.

There are various newly-developed types of particulate-~removal
device which are claimed to have a higher removal efficiency than the
electrostatic precipitators currently used. The CEGB is carrying out a
technical appraisal of these, and is doing experimental studies of some
of them. Those in particular which show some promise are : bag filters;
a low-turbulence, high-efficiency electrostatic precipitator, which could
be installed in place of the third stage in existing plants; the "Foamator"
wet gas scrubber, which utilises a filter medium of foam; and the ionising
wet scrubber.

If a wet SO, - removal process, such as the Wellman Lord process, is
adopted at power stations in the future, this will probably be installed
after the normal electrostatic precipitators, and will therefore contribute
an additional particulate removal stage. However, the efficiecny of this
in respect of that size of particles which is most difficult to remove
(i.e. 0.2 to 2 um), is not expected to be high, and therefore any reduction
in particulate emissions from this cause is likely to be marginal.

It -is assumed therefore, for the purposes of estimating particulate
emissions from high-level sources up to the end of the century, that the
steady technological progress in particulate removal will be maintained,
resulting in a gas-cleaning efficiency of 99.3% at all statiens by the
year 1990 and of 99.5% in 75% of generating capacity by the year 2000.
There are no firm grounds for this assumption, but it is reasonable to
assume that a steady improvement in standards of particulate removal will
be sustained and will result in further reductions in particle emissions.

4.3 Probable effect of application of new technology on
particulate emissions

There are two classes of new technology which have to be considered
here : new developments in the removal of particulates from combustion
gases, and new modes of combustion. The position with regard to the first
of these has been discussed in section 4.2, but it is necessary to consider
also the impact that new methods of coal combustion used by industry might
have on particulate emissions to the atmosphere.

(88),
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Two modes of use are of particular interest ; fluidised bed
combustion and gasification. The latter might be performed in small
gasifiers operated on site by individual factories, or it might be done
in centralised gasification plants such as those operated by the Area
Gas Boards in the U.K. In the latter case, it would be possible to
estimate a maximum price level for gas that would be attractive to users,
by considering the costs of a gas-fired boiler in relation to those of a
coal-fired boiler equipped for pollution control.

4.3.1. Industrial boilers and Fluidised-bed combustion

In most fluidised-bed fired industrial boilers, the fuel is likely
to be a washed graded coal or a washed 'smalls', fed above the bed.
Unlike the sprinkler or spreader stoker, it is not necessary to
distribute the fuel uniformly over the bed surface, and entrainment of
fine particles is therefore less serious than with these appliances.
Nevertheless, the coal entering the bed 1is rapidly dispersed and dried,
and there is therefore ample opportunity for fine particles to be
elutriated from the bed before they have been burnt. Combustion of
these particles continues in the freeboard and many of them burn away to
ash before leaving the hot zone. A specially designed baffle is
usually placed in the freeboard zone to create patterns of gas flow
which assist the return of the larger particles to the bed.,

The concentration of particles in the flue gas entering the
primary gas cleaner in a fluidised-bed fired boiler will depend on the
propartion of the coal feed which consists of particles small enough to
be elutriated, plus the small particles that are formed in the bed by the
processes of rapid heating, combustion, and mechanical attrition. The
initial fines content, and the number of small particles produced by the
burning away of larger particles are both dependent on the size distribution
of the coal feed, and are a minimum for a graded coal, which contains
nominally no fines. These two sources of fines are a maximum for a
crushed coal, such as is suitable for pneumatic feeding into the bed.

Typical top sizes of particles elutriated from fluidised-bed coal
combustors, and reaching the primary gas cleaner are as follows

Fluidising Top size of
velocity,m/s ‘ particles elutriated
aam
0.5 250
1.0 370
1.5 470
2.0 540
2.5 600

It cannot be assumed that all particles smaller than the critical size

for elutriation will be elutriated immediately the coal enters the
combustor. Experience has shown that a proportion of them remains in the
bed long enough for devolatilisation and partial combustion of the residual
char to occur.
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Because the particles elutriated from the bed contain some unburnt
carbon, some of the collected particulate material may be refired to the
bed, and if this is done, rates of solid particles entering the cyclone
may be much greater than would be calculated from the coal ash content
of elutriable size, because ash particles may pass through the bed more
than once.

The consequence of these various factors is that the cost of gas
cleaning to meet existing U.K. legislation on the emission of particulates
is likely to be somewhat higher than would be required ona travelling
grate-fired boiler of equal rating, unless a graded coal were used to
fire the fluidised-bed boiler.

4.3.2 Gasification

Gasification of coal for distribution via the national gas grid

has been discussed in section 2.4, and little need be said here other than
to state that a properly adjusted boiler, when fired on SNG, will generate
no airborne particulates, and no form of gas cleaning is required. The
capital cost of the boiler will be lower for this reason, and also because
the expensive solids handling machinery for coal (and possibly limestone)
and bed removal will not be needed, and storage bunkers and supply hoppers
also be unnecessary. On the other hand, some gas storage capacity may be
beneficial, to accommodate fluctuation in demand. Operating costs will be
reduced by up to one man per shift, who would on a solid fuel fired boiler
be needed to look after the coal and solids handling machinery, to ensure

will

delivery of coal from stock to the boiler, and to check that the gas cleaners
were emptying properly. Maintenance costs of solids handling machinery tend

to be high, and therefore maintenance of a gas-fired boiler would be very
much cheaper than that of a coal-fired boiler. '

4.4 Summary of prospects for particulate emissions

Based on the considerations outlined in the above sub-sections, the
probable emissions of particulate matter from high-, medium- and low level
sources are shown in Table 37. The plus signs in columns 2 and 3 of the
table denote that not all of the plant at present operated by the U.K.
electricity supply industry is equipped to meet the current agreed levels
for new plant. This old plant, mostly built before 1958, is expected to
go out of service in the next few years. The reference to reduced ash in
coal (case b) covers the possibility of more thorough coal cleaning to
reduce the sulphur content (see Section 2.3.2).

The =stimates of medium-level emissions represent a 'middle-of-the-
road' policy, in which factories which are the largest individual coal
users (representing 50% of total industrial coal use) are assumed to
install more expensive gas cleaning equipment, while the smaller users
are exempted.

No information is available concerning the probable capital and
operating costs of the improvements shown ih Table 37.
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Trace elements

In addition to the chief elements comprising the combustible
"coal" matter, namely carbon, hydrogen, oxygen, nitrogen and sulphur,
coal as mined and as delivered to coal users contains a very wide
range of elements present in very wide ranges of concentration(sg). The
majority of these elements are metals but there are also non-metallic
elements such as chlorine, silicon, phosphorus, fluorine, bromine, iodine,
arsenic, boron, selenium and tellurium. It has been shown(go) that in
general, coal ashes, fly ashes, shale'and soils have similar contents of
several trace elements, and therefore it is to be expected that the
dispersal of coal ash in the environment is not li%e1¥ to have harmful
effects. Selenium is reportedly enriched in coals o1),

The trace and minor elements in coal are usually associated either
with sulphur, as sulphides, with the aluminosilicate material, or are
present as carbonates. In the sulphide group are iron, zinc, cadmium,
mercury, copper, lead, arsenic and antimony (selenium is usually also
associated with the sulphide minerals). The aluminosilicate group
contains titanium, potassium, sodium, zirconium, beryllium and yttrium
amongst many others; and the carbonate group includes magnesium, iron
and manganese. Some elements, e.g. calcium and magnesium occur in more
than one group, while a few elements are present in significant amounts
in the form of inherent mineral matter, i.e. derived from compounds of
these elements which were present in the plants from which the coal
was formed. They are disseminated throughout the coal and may still be
chemically bonded to the organic coal structure. These elements include
beryllium, gallium, germanium, vanadium, titanium and boron.

5.1 Emissions from high-level sources

Since 1973 studies of the particulates collected by and escaping
electrostatic precipitators in power station boilers have shown quite
clearly that some elements are present in the very small particles in
concentrations very much greater than is found in the '"bottom ash',

i.e. the large ash particles which fall to the bottom of the furnace. It
is found that the smaller the particles, the higher is the concentration
of these elements, which include arsenic, cadmium cogg?r, gallium,
molybdenum, lead, thallium, antimony and seleniungz' 2 More recently
it has been shown that boron can be added to this list 9 . The extent
of enrichment is usually denoted by an "enrichment factor", defined as
the ratio of the concentration of the element to the concentration of
aluminium in the dust sample, divided by the corresponding ratio in the
original coal.

Some elements are present in the flue gas exclusively, or partly,
as gaseous elements or compounds. Those that are evolved almost
completely as gases in the chimney are chlorine, as HCl, bromine, as
HBr, and mercury, as the element. Other elements that-occur partly as
vapour are selenium and iodine.

The enrichment of certain elements in the fine particles is almost
certainly the result of volatilisation of the element or one of its
compounds at the flame temperature, followed by condensation (which occurs
preferentially on solid surfaces) as the gases are cooled. Elements which
do not volatilise at the flame temperature do not show this enrichment on
small particles, and they include Al, Ba, Ca, Ce, Co, Eu, Fe, Hf, K, La,
Mg, Mn, Rb, Sc, Si, Sm, Sr, Ta, Th, Ti, Zr and the rare earths. Another
group of elements shows erratic behaviour, sometimes enriched on small
particles but in other cases show%ng no enrichment. This group includes
¢r, Cs, Na, Ni, U, V and zn(93,95), "
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This selective enrichment is important, because even if concentrations
of toxic elements in the undifferentiated coal ash are sufficiently low not
to represent a toxic hazard, their concentrations in the very finest fly
ash particles may be for some elements, e.g. arsenic and selenium, up to
fifty times as great, although for average stack particles it is considerably
less than this. Also contributing to some anxiety about these elements is
the fact that the particles containing the high concentrations are of a
size to be absorbed into the body through the lungs.

It is believed that the electrostatic precipitators used in present
day power statidns are able to remove about 97% of particles in the
range 0.2 to 2 um, and the tall stack policy ensures a wide dispersal
of the remaining 3% with very low ground-level concentrations. Of the
115 mg/m3 maximum dust loading in the stack gases, only 17 mg is of
respirable size (smaller than 5 um), and about 45 mg is below 10 um in
size.

5.1.1 Estimation of ground level concentrations

Arsenic is one of the elements which appears to represent a risk to
health from this combination of concentration enrichment and relatively
low collection efficiency for fine particles, and therefore it is useful
to try to calculate the ground level concentrations which are likely to
result from burning a coal of arsenic content in the upper part of the
range encountered in British coalfields, i.e. 40 ppm (Table 7 in
reference 1). The range of enrichment factors quoted by various workers
for particles of the size range found in stack gases is 3 to 14, with an
average of 7.7 93-97) , For a coal of ash content 16%, and 15% ash
retention in the boiler, the fly-ash flow into the electrostatic
precipitator per kg of coal fired to the boiler is 0.16 x 0.85, or
0.136 kg. Assuming a precipitator collection efficiency of 99.3%, the
emission of particulates from the stack is 0.00095 kg per kg of coal
fired. Without any enrichment, the concentration of arsenic in the ash
would be 40/0.16 or 250 ppm, and allowing for 7.7-fold enrichment, the
concentration would be 1925 ppm of arsenic. Hence, 1 kg of coal fired
gives rise to 0.00095 x 1925 mg or 1.83 mg of arsenic contained in the
solids borne out of the top of the chimney. The volume of dry flue gas
resulting from the combustion of 1 kg of coal at 20% excess air is
approximately 8.5 NmS, so that the concentration of arsenic in the (dry)
gas emerging from the chimney is 0.215 mg/NmS.

It was shown in section 2.2.1 that maximum daily g.l.c.'s are lower
than sta¢k gas concentrations by a factor of 34,000 and annual g.l.c.'s
by a factor of 285,000. Therefore it can be deduced that the highest
contribution to daily g.l.c. of arsenic which is likely to be experienced
when burning a high-arsenic coal is 0.0063‘ug/m3, and the maximum
contribution to annual average g.l.c. will not exceed 0.75 ng/ms.
These figures are for a high-arsenic coal (40 ppm). The national average
arsenic content is 18 ppm, and the concentration of arsenic in stack
solids corresponding to this would be 865 ppm, with maximum contributions
to daily and annual average g.l.c.'s of respectively 0.0028,ug/m3 and
0.34 ng/mg. Actual measurements on and in the vicinity of U.K. power
stations show that these estimates are in excess of actual concentrations,
because the concentration of arsenic in stack solids is found to range
from 174 to 680 ppm, and the average contribution to g.l.c. is 0.12 ng/m3.
For comparison, measured values for arsenic in air at 133 locations in the
USA are up %0 O.8,ug/m3, with an average daily concentration of
0.02 pg/m3 (97
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The American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold Limit Values(98) (TLV) provide an indication of the relative
toxicities of various substances when present in the form of airborne
particulate matter. The Health and Safety Executive have formulated a
guidance principal that for continuous exposure of people outside a place
of work, the average concentration of the pollutant should not exceed one
thirtieth (1/30) of the TLV expressed as time-weighted average for a
normal 40-hour work-week. The CEGB state that they have adopted the
criterion of 1/80 of the TLV as a safe environmental level.

The TLV currently proposed for a trial 2-year operation for arsenic as
As,05 is 0.05 mg/m3 (as As). One eightieth of this is 0.675 mug/m3, which
is approximately a hundred times the maximum daily g.l.c. (calculated
above) expected to result from burning a high-arsenic U.K. coal in a modern
power station.

Similar calculations can be performed for the other elements for
which data are given in Part 1 of this study. The results of these
calculations are summarised in Table 38, which also gives the acceptable
concentrations, based on 1/80 of the TLV. TFor all the elements considered
except fluorine, the maximum daily average is less than one percent of the
acceptable level. The fluorine concentrations may be greatly over-
estimated because no allowance has been made for any fluorine in particles
removed by the electrostatic precipitators. It is therefore toncluded that
trace element emissions from the combustion of coal in U.K. power station
chimneys do not give cause for concern by this mode of introduction into
the human body. It has to be noted that coal-firing is not the only
contributor to environmental trace elements: o0il combustion, combustion
of leaded petrol in internal combustion engines, and the operations of
smelting works are other major contributors, while lead in drinking water
is a problem in some areas which have soft water in contact with lead

pipes.

5.1.2 The wet deposition of trace elements

In section 5.1.1 only one route of introduction to the human body
was considered, i.e. the lungs. It is possible that deposition of trace
elements from coal combustion may occur close to the source in rainfall
('rain-out!'), and that this may result in unacceptably high concentrations
of these elements in the soil. ’

Rainfall is known to be a much more rapid means of removing
gaseous and particulate pollutants from an airmass than is dry deposition.
This is because the rain falls to the ground much more quickly than
turbulent diffusion can bring the pollutants into contact with the
ground. Soluble gases, such as sulphur dioxide are removed more
efficiently than particles in the size range 0.2 to 2 um. This is because
the rate of gas diffusion to the water droplet is much more rapid than the
rate of movement of afine particle towards the surface of the droplet.
The falling rain-drop displaces air as it falls, and the pollutant
particles are moved away from the trajectory of the raindrop by these air
currents. The collection efficiency for a 2 jum particle has been
estimated to be less than 5% in a gravity spray tower(99). The knowledge
available is insufficient to estimate how much of the particulate matter
in a chimney plume is actually removed by rain of a given intensity and
droplet size distribution, but such evidence as there is suggests that it
will not be so rapid that complete removal will occur within a few miles
of the chimney.
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TABLE 38

Estimated maximum ground-level concentrations of trace elements resulting

from coal combustion in U.K. power stations

. 3 . (c)
Enrichm%gg Concentration, ng/m~ of air
factor: . . .
Element(a) Average Maximum daily g.l.c. | Maximum yearly g.l.c. 1/80 of
(Range) Average | High-value | Average High-value TLy(d)
coal coal coal coal
Arsenic 7.7 2.8 6.3 0.34 0.75 625
(3-14)
Cadmium 15 0.12 0.18 0.015 0.022 625
Mercury (e) 2.1 2.5 0.25 0.30 625
Lead 8.3 6.5 10.2 0.77 1.2 1875
(4-20)
Vanadium 3.2 5.0 8.8 0.60 1.05 625 (f)
(0.75-6)
Fluorine (e) 395 450 47 54 - 3125
Notes

(a) Present either as the element, the oxide, or other stable compound.

(b) From references 93-97.

(c) Weight in ng of the element (not weight of its compounds) in 1 m3 of

air at 273 K and 1.012 bar.

(d) Threshold Limit Value (reference 98).

(e) It is assumed that all the mercury and fluorine in the coal appears
in the stack gas, either as vapour or in suspended particles.
If a significant proportion occurs in particles the emission will
be overestimated here because no allowance is made for removal of
particles in the electrostatic precipitators.

(f) Value for V205 fume.
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The rate of wet deposition will be much faster when the chimney
plume enters a cloud where condensation of water vapour is occurring.
In these circumstances the particle can provide.a nucleus for
condensation, and the droplet, incorporating the particle, grows rapidly
and links with other droplets to form a rain drop.

For a very rough calculation of the amounts of trace elements
deposited by wet deposition near to a 2000 MW power station on 65% load
factor the following assumptions have been made

(i) The coal contains maximum coal field averages of each element.
(ii) Rain falls during one tenth of each year.

(iii) Rain results in deposition of all suspended particulates within
20 km of the chimney, concentrated -in a semicircle on the lee-
side of the chimney according to the prevailing wind.

(iv) Deposition rate is taken to be insignificant if the deposition in
one year is less than 1% of the quantity of the element in the
top 0.25 m of soil, using average soil concentrations of the
element.

Results of the calculation are shown in Table 39, and it is seen that
only mercury has a significant deposition rate. This assumes however
that the mercury vapour is sufficiently soluble in rainwater to be
washed out close to the source. Some indication that this may not be
the case is offered by a study of sevefity soil saTEle§ taken in the

area surrounding a large power station in the USA 03), Although the
plant had short stacks (less than 100 m), the mercury emitted by several
years of combustion of coal containing 0.1 to 0.4 ppm of mercury showed
no signs of accumulation in the soil around the plant.

5.2 Emissions from medium— and low-=level sources

Since medium-level sources are mainly subject to the regulations
referred to as '"tall-stack policy", the general picture in regard to
the behaviour of trace elements liberated by coal combustion is similar
to that for power stations. There are two differences: because the
combustion’ temperature is probably somewhat lower than in a large
pulverised-coal fired boiler, volatilisation of certain elements will be
less and therefore the enrichment factors for these elements on fine ash
particles are less. Against this is the second difference, namely that
these smaller plants are usually equipped with less efficient particulate
removal devices, and they therefore emit more particulates per tonne of
coal fired.

Very little ash is discharged through the chimney in low-level -
"sources (domestic fires), because these appliances operate on unassisted
draught. The particulates consist largely of soot and incompletely burnt
hydrocarbons, and their main threat to health is from their possible
content of polynuclear aromatic hydrocarbons, and as a vehicle for
conveying adsorbed pollutants deep into the lungs. Some of the more
volatile elements in coal might be expected to volatilise in the
combustion zone, later to condense on the chimney wall or on soot or
smoke particles in the flue gas, but no practical investigations have
been reported to confirm or refute this possibility.
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TABLE 39

Approximate estimate of the wet

deposition of trace elements from coal combustion

in a 2000 MW U.K. coal-fired power station

(For highest coalfield-average content of each element)

Element Deposition rate, | Average soil Weight of column 2
mg/m2 year concentration | element in top| + column 4
ug/g 0.25m of soil
2

mg/m
Arsenic 1.4 5(8) 1635 0.0009
Cadmium 0.04 0.55(b) 180 0.0002
Mercury 0.46 0.008P 2.6 0.18
Lead 2.3 12(b) 3925 0.0006
Vanadium 2.0 40(b) 13,000 0.00015
Fluorine 88 650¢) 212,550 0.0004

(a) Ref.100; crustal concentration (average concentration in earth's crust)
(b) Ref.101.

(c) Ref.102 , crustal concentration, soil concentrations vary very widely.
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5.3 Effect of new technological developments on trace
element emissions

There are three developments to be considered here : more thorough
coal washing, improved particulate removal from flue gases, and the
adoption of fluidised combustion techniques.

5.3.1 Improvements in coal washing

The trace elements in coal show different affinities. Some tend to
be associated more with the coal substance than with the mineral impurities,
and in this class are germanium, beryllium and boron. Other elements,
including mercury, zirconium, zinc, arsenic, cadmium, lead, manganese and
molybdenum, are generally inorganically combined in the coal: while phosphorus,
gallium, tin, titanium and vanadium are associated largely with the organic
constituents and to a lesser extent with the inorganic constituents, and
cobalt, nickel, selenium, chromium and copper are mainly associated with (104)
the inorganic constituents but also to a lesser extent with the organics .
When the mineral matter is reduced by coal washing the elements which
tend to inorganic affinities are removed in preference to those with
organic affinities. Tables 40 to 43 show how mercury, fluorine, chromium,
copper, nickel, manganese, lead and cadmium were distributed in different
density fractions in some U.S. coals(los). While it is obvious that the
results obtained for a few U.S. coals cannot be applied directly to predict
what would be the total effect for all British coals, it is reasonable to
draw the general conclusion that washing at S.G. of 1.60 probably removes
between 25% and 50% of the mercury, chromium, copper, nickel, manganese
and lead content of the coal, provided the coal is crushed to a top-size
of 1170 um. For a larger top-size, removal would be less. Washing at a
specific gravity separation of 1.40 would give a still greater removal of"
the heavy metals, but would result in a high loss of combustible matter
also. | ‘

5.3.2 Improved particulate removal

The prospects for future improvements in standards of flue gas
cleaning were discussed in section 4. 1In the case of high-level sources,
many of the particles emitted are very fine, and in the size range showing
the largest eprichment factor. The postulated future improvement in
particulate removal efficiency from 99.3% to 99.5% will therefore bring
about a significant reduction in trace elements emission from the stacks.

For medium-level souces, any future reduction in emissions is likely
to be of medium-sized particles rather than very fine ones. The particles
removed will be those having lower enrichment factors than those still
escaping from the stack, and therefore the reduction in trace element
emissions from medium-level sources will not be in proportion to the
improvement in gas cleaning efficiency. Instead of a 30% estimated
reduction in 2000 (Table 37), the reduction in the emission of trace
elements with high enrichment factors might be only 10 to 15%.

Low-level emissions of trace elements from coal combustion are
probably already insignificant in total quantity, as explained above in
section 5.2 and there is little scope for further reduction.
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TABLE 40

Partition of mercury in four density

fractions of three U.S. coals (-1170 um particles)

Source

: reference 105.

S.G. Coal A Coal B Coal C
fraction % Weight | Hg conc.‘pg/g % Weight | Hg concvug/g % Weight | Hg coneyug/g
Head coal 100 0.28 + .02 100 0.13 100 0.26
Float 1.30 37.6 0.08 + .02 42.6 0.09 + .03 20 0.16
1.30 - 1.40 36.7 0.16 + .03 36.3 0.08 + .03 28.1 0.23
1.40 - 1.60 10.3 | 0.56 + .06 13.7 0.15 + .03 24.8 0.19
Sink 1.60 15.4 1.13 + .03 7.4 0.59 + .05 22.1 0.43
Reductions in mercury concentration on removing 1.60 sinks :
Coal A : 477; Coal B : 287%Z; Coal C : 247%
Reductions in sulphur concentration on removing 1.60 sinks :
Coal A : 427; Coal B : 427; Coal C : 237
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TABLE 41

Partition of fluorine in four demsity

fractions of three U.S. coals (-1170 um particles)

S.G. Coal C Coal D Coal E
fraction % Weight ' F.conc.ug/g | 7 Weight |F conc.ug/g. |Z Weight |F conc.ug/g
Head coal 100 137 100 100 100 71
Float 1.30 26.1 30 20.5 65 30.6 8
1.30 - 1.40 30f3 56 30.3 85 34.0 44
1.40 - 1.60 24,0 123 22.0 114 18.9 123
Sink 1.60 25.6 270 27.2 110 16.5 155

Reductions in fluorine concentration on removal of 1.60 sinks :

Coal C

42%; Coal

D : 6%;

Coal E : 317

Reductions in sulphur concentration on removal of 1.60 sinks :

Coal C :

23%; Coal

Source : reference 105.

D : SOZ;

Coal E : =77
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TABLE 42

Partition of chromium, copper, nickel and

manganese in density fractions of -1170 um

particles of one U.S. coal (Coal A).

S5.G. Z Conc. of metal, pug/g
fraction Weight Cr Cu Ni Mn
Head coal 100 27 16 16 13
Float 1.30 37.6 13 7.0 8.1 2.5
1.30-1.40 36.7 23 ' 8.8 9.2 6.5
1.40-1.60 10.3 34 24 26 23
Sink 1.60 15.4 73 58 38 51
Reductions in concentration on removal of 1.60 sinks :
Chromium : 29%
Copper : 437
Nickel : 287
Manganese : 507
Sulphur : 427

Source

reference 105




- 197 —

TABLE 43

Partition of chromium, copper, nickel,

manganese, cadmium and lead in density

fractions of -1170 um particles of a U.S.coal (Coal F)

5.G. % Conc. of metal, ug/g
fraction Weight

Cr Cu Ni Mn Cd Pb
Head coal 100 26 28 18 263 0.12 14
Float 1.30 51.0 6 13 10 30 0.08 4
1.30-1.40 16.9 11 26 15 89 0.20 10
1.40-1.60 9.2 33 55 28 240 0.24 25
Sink 1.60 22.9 73 66 38 967 0.10 40

Reductions in concentration on

Source

Chromium

Copper

Nickel

Manganese

Cadmium

Lead

Sulphur

567%

297

307

75%

07

567%

187

reference 105

removal of 1.60 sinks :
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5.3.3 Fluidised-bed combustion

The combustion temgperature in fluidised beds is lower than in
pulverised-coal fired boilers and most other conventional types of
combustor. Usual combustion temperatures are 800 to 900°C in fluidised
beds, compared with 1600 to 1700°C in a pulverised coal furnace. This
fact would be expected to reduce the volatilisation of trace elements,
and therefore to lower their emission rates. Against the lower
temperature however is the fact that the burning coal particles have a
longer residence time at a high temperature in a fluidised bed, allowing
more time for volatilisation to occur. Any elements which do not form
volatile compounds, or are not themselves volatile at temperatures below
10000°C would not be expected to exhibit enrichment in the fine fly ash
particles, even if they do in a pulverised-coal fired boiler.

When limestone or dolomite is added for sulphur retention, any
trace elements contained in this absorbent may also be volatilised, and
contribute to the enrichment of the fine particles. Also, the removal
of sulphur from the gas phase may affect the volatility of some elements.
A theoretical appraisal of the behaviour of four trace elements : lead,
beryllium, mercury and fluorine has been reported by workers of
Westinghouse Research and Development Centre, Pittsburgh(los). Preliminary
experimental results which generally confirm the theoretical predictions
are also reported. Some measurements have also been made or a 0.56 m (107)
bed area combustor operating at a pressure of about 6 bars, in England,
and others on a bench-scale combustor by Argonne National Laboratories.

The most stable volatile forms at 1200 K of the four elements
studied in the Westinghouse work are hydrogen fluoride, beryllium
hydroxide, mercury and lead tetrachloride. At atmospheric pressure, lead
dichloride is also fairly stable, and this (but not the tetrachloride) is
expected to condense as the gases are cooled. The presence of
significant amounts of gaseous lead was noted in the U.K. work, but there
was also appreciable enrichment of lead in the fine particles. In the
case of a low-chlorine coal, lead monoxide, PbO is expected to be the
predominant lead compound. This is just volatile at atmospheric pressure,
but only slightly volatile at elevated pressure. In the Argonne work,
however, which was on a pressurised system, almost complete retention of
lead in the solid particles was found, and there was no enrichment on the
finer fly ash particles. This result is in direct contradiction to the
U.K. results, and it must be concluded that the small scale operation, or
some other factor such as chlorine content resulted in different behaviour
in the Argonne combustor.

There were tendencies for slight enrichment of barium, cobalt,
lanthanum, antimony, scandium and tantalum on fine particles in the
Argonne work, amounting to a ratio of between 1.5 and 2.0 between
concentrations on a back-up filter and in primary cyclone fines.

The results obtained from the U.K. pressurised combustion, using
dolomite addition for up to 90% sulphur retention, are shown in Table 44,
together with figures for enrichment factors measured in pulverised coal
fired furnaces. The enrichment factors have been calculated for the fine
dust from the secondary cyclone (medium size 2.5 um). Little enrichment
occurred, and in some cases there is actually a depletion of the element.
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TABLE 44

Comparison of trace element enrichment

factors in fluidised-bed firing at 6 bars pressure

and in pulverised coal firing

Enrichment factors

Element
Fluidised-bed(a) Pulverised coal

Mercury 0.15 (1.6) 1—10(b)
Arsenic 0.8 (1.1) 3-14(¢)
Lead 1.3 (1.4) 4-20(¢)
Cadmium 1.6 (6.3) 15()
Beryllium 1.0 (1.0) (d)

Antimony >1.5 (> 1.5) 3-15(8)

(a) Ref. 107 (U.K. data); figures in brackets
are calculated on the assumption that
element in vapour form at the sampling
point would condense on the dust
particles before discharge to atmosphere.

(b) CEGB (U.K. data)

(¢) From Table 38 (U.S. data).

(d) No data found
(e) Refs. 93, 95, 96 and 97 (U.S. data).
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This may be because the gases were at high temperature when sampled and
the element may still have been in the form of vapour. Concentrations of
elements in the vapour phase were measured, and if these are added to the
portion present in the particles, as if condensation had occurred, then
none of the enrichment factors is less than one (figures in brackets in
Table 44). Enrichment factors for pulverised coal firing have been
calculated as described in section 5.1.

In the pressurised fluidised combustor, the amounts of mercury,
selenium, arsenic and lead found in the gas phase in some cases
represented a significant fraction of the input quantities. The
concentrations measured, and the percentages represented by them of
the input rates of the elements, are shown in Table 45,

TABLE 45

Pressurised fluidised-bed combustion

Flue gas burden of elements in vapour form

(Reference 104)

Element(a) Hg Se As Pb Cd
Concentration(b) as vapour 3.77 21 1.5 1.3 1.0
Output flow rate as vapour,ug/s 2.85 15.9 1.14 0.99 0.76
Input rate, ug/s'¢) 8.1 48 | 105 440 5.3
Output as vapour/Input, % 36 33 1.1 0.2 14
Vapour/total in flue gas(d? 92 99 20 7 77

(a) Tellurium, beryllium and antimony not detected in gases
passing through filter.

(b) Parts weight per 109 parts weight of flue gas.

{c) In coal plus dolomite.

(d) Weight of element present as vapour in the flue gas as a
‘percentage of the total weight of element present.
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Maximum possible reduction in pollutant emissions

This section aims to summarise the greatest possible reduction in
emissions, and the costs (financial and energy) of so doing, if neither
of these forms of cost were to constitute a barrier to the introduction
of control measures. Only processes proven to operate satisfactorily
for coal firing are considered.

6.1 Sulphur dioxide emissions

At the present state of knowledge regarding coal desulphurisation,
it is not possible to say with certainty that a process can be developed
which will remove more than 75% of the coal sulphur. Much higher
percentages of sulphur removal can be obtained by flue gas desulphurisation
or by fluidised bed combustion, than by coal cleaning, and it cannot be
regarded as sensible to install costly plant to reduce the coal sulphur
content by small amounts if other expensive processing will be used at a
later stage to remove sulphur.

Since we are here concerned only with the maximum possible reduction
in 80, emissions, improvements in coal preparation are ruled out. Also,
since we are only concerned with the period between now and the year 2000,
fluidised-bed combustion and coal conversion are ruled out in respect of
high-level sources (power station chimneys), and for these sources only FGD
is relevant. The reduction in sulphur emissions and costs are as shown in
Table 20, and the energy cost is obtained from Table 15.

For medium level sources, it is assumed that control is by use of
fluidised bed combustion with limestone addition in sufficient quantity to
reduce emissions to 0.25 kg SO, per GJ heat input to the boiler. The
maximum rate of boiler conversion to fluidised-bed combustion is taken to be
that used in Table 14, and energy costs are obtained from Table 13, assuming
electrical power is generated at 33.3% efficiency. Full desulphurisation of
coke-oven gas from 1985 onwards is also assumed. No S0, reduction from
low-level sources is anticipated. Table 46 shows the maximum possible S0p
reductions and the costs of doing so. The total energy cost of 89,400
TJ/annum in 2000 represents approximately 2% of the thermal value of the
anticipated U.K. coal production in 2000.

6.2, Nitrogen oxide emissions

There is insufficient knowledge yet about the operability of gas
scrubbing systems for NO, removal in flue gas from coal combustion to
allow this to be regarded as a strong contender for use in the U.K. in the
time-scale covered by this study. The only possible exception is that of
modifications to the Wellman-Lord FGD process to enable it to remove NO4
also. References to the possibility of this were noted in section 2.6.1,
but details of such modifications have not been traced in the literature.
The most likely form of modification would be the injection of ozone or
chlorine dioxide to oxidise NO to NOo which would then react with S0, in
solution to form sulphate ion and gaseous nitrogen. An undesirable
effect would be reduction in the sulphur yield and an increase in sodium
sulphate production.
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TABLE 46

Maximum possible reduction in SO

2

emissions, and associated costs

1985 1990 2000
‘ SO2 emissions, 103t/annum 2141 1918 1482
High- SO2 reduction, 1O3t/annum 289 485 867
level Energy cost, TJ/annum 27500 46100 82400
sources Capital cost,(a) £1O6 610 1030 1870
Total annual cost, £10° 100 170 310
50, emissions, 10°t/annum 261 266 312
Medium- SO2 reduction, 103t/annum 176 357 715
level Energy cost, TJ/annum 1420 3000 7000
sourceég) Capital cost(a)(b),f.lo6 35 70 125
Total annual cost, £106 20 35 75
SO2 emissions, 103t/annum 2577 2359 1969
All S0, reduction, 103t/ annum 465 842. 1582
sourceéd) Energy cost, TJ/annum 28900 49100 89400
Capital cost(® g£10° 645 1100 1995
Total annual cost, £10% 120 205 385
(a) Cost between now and relevant year.
(b) Assﬁming no need for limestone preparation on site .of fluidised-bed
() Including coke oven .gas combustion. combustors.
(&) Including lbw-level sources.
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Because of the uncertainty regarding the future of gas scrubbing
for NOy removal, combustion modifications are selected here as giving the
best prospects for reduction of NO, emissions. No action is assumed for
industrial boilers, because this would conflict with the requirements for
SOp reduction in fluidised-bed firing (see section3.2.1). No reduction
techniques are feasible for low-level sources.

The reductions possible are the same as shown in Table 36, and-
they are reproduced in Table 47 in a slightly different form, together
with the anticipated energy costs. One possibility that has not been
allowed for here is that by reducing the combustion efficiency, NO,
reduction modifications may increase the burden of suspended particulates
in the gases entering the electrostatic precipitator, and there might in
consequence be a need to install more expensive precipitators to meet the
same particulate emission standards.

6.3 Particulate emissions

The main difference between the maximum possible reduction and that
shown in Table 37 is in medium-level and low-level emissions. In section
4 it was assumed that only the largest firms representing 50% of the
industrial coal market would install highly efficient bag filter or
electrostatic precipitator gas cleaners. A maximum reduction is achieved
by requiring all industrial users to install high efficiency gas cleaners
(this might not be possible without some form of subsidy to the small
coal users). '

Emission rates and costs for maximum reduction of particulate
emissions are shown in Table 48. If a 'breakthrough' in gas cleaning
technology occurs, allowing a much higher particulate removal efficiency
to be achieved for only a small increase in cost, then the cost estimates
shown in Table 48 will be higher than those actually needed.

Since it has not been possible to estimate costs of particulate
removal improvements, it has been assumed that expenditure on control of
high-level sources will continue at about the same level as in the past,(log)
in real value, and that 75% of the total relates to coal-firings For
medium-level sources the cost given in section 4.2.2 is adopted.

The major contribution to particulate emissions is from low-level
sources. The future use of coal and coal-derived solid smokeless fuels
for house-heating is uncertain, but many householders, either through
personal preference or non-availability of alternative fuels will continue
to use solid fuels. In part 1 it was assumed that the consumption of
coal by this market would remain more or less:constant between 1985 and
2000. An anticipated increase in the number of smokeless zones in the
U.K. means that an increasing number of households at present burning
bituminous coal in smoky appliances, will either have to turn to
smokeless fuel, or will have to install appliances such as the '"Smoke-
Eater" fire, which are capable of burning bituminous coal smokelessly.
It is not expected that the proportion of smokeless households will
increase as rapidly as in the past, however.
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TABLE 47

Maximum possible reduction in NOx

emissions, and associated costs (all sources)

1985 1990 2000
NOX emissions, 103t,/annum 528 513 624
NOX reduction, 103t./annum 50 99 97
Energy cost, TJ/annum(® 10700 21200 20700
Capital cost(b) £lO6 28 55 55
Annual cost, £106 6 11 11
(a) Worst case, assuming one percentage point reduction in combustion
efficiency.

(b) Between now and the relevant year.
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TABLE 48

Maximum possible reduction in particulate

emissions, and associated costs

. 1985 1990 |, 2000
{

Particulate emissions, 103t./annum 5 84+ 83 | 64

High Reduction, 10_3 t./annum g 0 0 17
level Energy cost(a) TJ/annum % 3900 3840 3750
sources | Capital cost(b) £106 ; 102 187 357
Annual cost f.lO6 % 34 34 34
Particulate emissions, 103t./annum é 25 18 j 29

Medium- | Reduction, 1O3t./annum 11 30 % 49
level Energy cost(a) TJ/annum 775 1290 -% 2650
sources | Capital cost(b) £106 100 320 f 650
Annual cost () £106 3 9 % 18

g

Particulate emissions, 1O3t,/annum 149 127 g 87

Low- Reduction, 103 t/annum 27 49 89

level Energy cost (e) - - -
sources | Capital cost(b) £106 84 153 294
Annual cost (e) - - -
Particulate emissions, 103t./annum 258+ 228 180

All Reduction, 103 t./annum 38 79 155
sources VEnergy cost, TJ/annum(C) 4675 5130 6400
Capital cost,(b) £106 286 660 1300

Annual cost (&) £10° 37 43 52

i

(a)
(b)
(c)

TJ (thermal); from reference 110; assumes 33.37 efficiency of power

Cost between now and relevant year.

generation.

TJ (thermal); excludes operating and energy cost of smokeless fuel

plants.
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A quite arbitrary split between those householders installing
'Smoke~Eaters' and those electing to burn smokeless fuel has been made,
and 45,000 extra households a year will be assumed to burn smokeless
fuel while only 5000 a year convert to the 'Smoke-Eater'. The total
number represents a maintenace of the approximate current rate of
conversions to smokeless firing, allowing for the fact that many
premises in new smoke control zones are already non-smoke-emitting.

Installation costs of the 'Smoke-Eater' are roughly £300 per
household, and additional capital costs for constructien of extra smoke-
less fuel plant capacity is taken to be £100 per ton per annum of coal
throughput. This figure is probably not unreasonable allowing for the
high cost of pollution control now necessary on this type of plant, and
may even be low for a plant required to be erected on a '"green field"
site.

Operating and energy costs are difficult to estimate, but should
both be negative for the 'Smoke-Eater' because of 1its better combustion
efficiency. Table 48 does not include energy losses and operating costs
of smokeless fuel plants.

6.4 Trace element emissions

There is insufficient reliable information to predict the future
reduction in emissions and costs of control measures. The literature
reviewed in section 5 of this report shows that improvements in the
control of particle emissions will also reduce emissions to the atmosphere
of most of the trace elements in coal. Exceptions are the halogens,
selenium and mercury, for which a smaller reduction would result from
any reduction in emissions of total particulates, the extent of reduction
depending on factors such as plant design and coal ash composition.

Tables 40 to 43 show that coal cleaning removes substantial amounts
of trace elements, especially those which are usually to be found
associated with the discrete particles of mineral matter in the coal.

Future uses of coal, e.g. liquefaction, may be expected to bring
a greater degree of separation of the trace elements. As an example
of the fraction of total trace elements which might be removed, Table
49 shows the average of two estimates of the percentage reduction of a
range of elements which results on converting coal to Solvent Refined
Coal(lll).

The results given in Table 44 suggest that any combustion of coal
in fluidised beds will produce much lower emissions of some trace
elements to the atmosphere, because there is less enrichment of these
elements in the fine particles suspended in the combustion gases.
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TABLE 49

Trace element reduction in Solvent Refined Coal

compared to the parent coal

Element Symbol | 7 reduction Element Symbol | Z reduction
Aluminium Al 97.5 Lanthanum La 98.5
Antimony Sb 94 Magnesium Mg 92
Arsenic As 88.5 Manganese Mn 50
Barium Ba 89 Mercury Hg 62
Bromine Br -51.5 Potassium K 100
Caesium Cs 97 Rubidium Rb 98
Calcium Ca 78 Samarium Sm 91

| Cerium Ce 98 Scandium Sc 81.5
Chlorine cl 52.5 Selenium Se 95.5
Chromium Cr 75.5 Sodium Na 96.5
Cobalt Co 95.5 Tantalum Ta 66
Copper Cu 91 Terbium Tb 89.5
Europium Eu 82.5 Thorium Th 89.5
Gallium Ga 65.5 Titanium Ti 14
Hafnium Hf 86 Vanadium v 69
Iron Fe 99 Zirconium Zr 83.5
Note:

All values except for those for barium, caesium, magnesium
and rubidium are the average of two estimates.
Bromine shows an increase.

Source:

reference 111.
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Abbreviations and symbols (other than S.I. units)

ACGIH American Conference of Governmental Industrial Hygienists
Btu British thermal unit

cv calorific value

Chemical elements symbbls listed in Table 49 .
d.a.f. dry, ash-free

d.m.m.f. dry, mineral-matter-free

E electrical

EEC European Economic Community

EPA Environmental Protection Agency (U.S.)
F.B.C. fluidised-bed combustion

FGD © flue gas desulphurisation

g.l.c. ground-level concentration

NO nitric oxide

NO2 nitrogen dioxide

NOx nitrogen oxides

OAR oxidation-absorption-reduction

ppm parts per million by weight

P.S.F. power station fuel

R.D. relative density (same as specific gravity, S.G.)
SCR selective catalytic reduction

SO2 sulphur dioxide

SO3 sulphur trioxide

SOx sulphur oxides

SRC Solvent Refined Coal

Th thermal

U.K. United Kingdom

U.S. (A.) United States (of America)

vpphm parts per hundred million by volume

vppm parts per million by volume
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APPENDIX 1

Tables 1, 3 and 5 show the amounts of coal in various ranges of
coal sulphur content (on as-received basis) supplied respectively for
power generation, industry, and the domestic market (including manu-
factured fuel plants) in 1977/78.

Tables 2, 4 and 6 show the amount of sulphur supplied in coal in
various ranges of coal sulphur content for the same three markets.
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A2.1

APPENDIX 2

Analysis of Warren Spring Data

The measurements for sites in categories B2, Cl and C2 in the Warren
Spring Laboratory, National Survey of Smoke and Sulphur Dioxide, April 1976
to March 19778 have been extracted and are shown in Table Al.l. The Warren
Spring report also gives average concentrations for individual months, and
the highest daily concentrations in each month; these are not included
in Table A2.1.

Monthly average figures are not calculated if 6 or more consecutive
daily results are missing, nor where less than 21 daily results are avail-
able ih a four week period, or less than 27 daily results in a five week
period. The summer and winter means are the arithmetic means of all daily
concentrations obtained during the appropriate six months. These means
‘are not calculated if over fourteen consecutive days' readings are missing,
nor where less than 110 days' readings are available out of a seasonal total.
The mean for the whole year is the arithmetic mean Jf all daily concent-
rations obtained during the twelve months, and is only calculated when
both summer and winter means can also be calculated.

The periods referred to as months are 4 or 5 week periods, approximating
to the calendar months, and the summer and winter periods are respectively
30th March 1976 to 27th September 1976, and 28 September 1976 to 28 March
1977.

When records are incomplete, the highest monthly and daily readings
shown in Table A2.1 are the highest readings recorded, provided monthly
averages are available for at least four months during the year.

Tables A2.2, A2.3 and A2.4 show, for each category of site, the
numbers of sites in various SO, concentration ranges, the mean smoke
concentrations of the sites in each SO, concentration range, and the
overall average SO, and smoke concentrations for the year and half
years. This information is summarised in Figures 1, 2 and 3 of the
main report.

Descriptions of the three site categories studied here are as
follows:-

B2: predominantly residential areas with medium density housing
(typically an inner suburb or housing estate), surrounded by other
built—up areas and interspersed with some industrial undertakings.

Cl: industrial areas without domestic premises.

C2: industrial areas interspersed with domestic premises of high
density or in multiple occupation.
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TABLE A2.2: 32 Sices:

Classification bv Mean 30, Concentration
2

802 Concentration range, ).\g/m3 <20 | 20-39 { 40-59 | 60-79 | 80-99 | 100-119 | 120-139 | >139|
Whole year: No. of sites 0 10 19 24 15 7 0 0
Mean SOZ = 67.8 Avera o}

Mean smoke = 33.2 ge smoke 3| - {2007 26,9 33.70 469 47.3 - -
concentration pg/m
S - No. of sites 1 25 35 18 9 1 [o] 0
ean S0, = 52.8 Average smok. -
fean smbke = 18.1 erage smoke 10| 13.3| 18.4| 21.8] 21.6| 34.0 - -
concentration ug/m
, No. of sites 0 8 14 22 18 18 5 6
Winter:
ean SO, = 83.3 Aver mok .
Mean smike = 47.8 erage smoke 3| - | 26.9] 34.6| s0.0| 47.4| 64.7 | 60.0 | 75.1
concentration ug/m
TABLE A2.3: Cl Sites: Classification by Mean SO, Concentration

SO2 Concentration range, ;.\g/m3 {20 |20-39 | 40-59 | 60-79 | 80-99 | 100~119 | 120-139 |>139
Whole year: No. of sites 0 2 2 5 2 0 2 0
Mean SO, = 71.8 Avera mok
Mean smbke = 31.8 ge smoxe - 1230 21.0] 37.0( 35.0 - 35.5 | -

concentration pg/m
s r: No. of sites 1 1 9 5 1 1 1 o]
pean 50, = 61.4 Average smoke '
Mean smoke = 19.5 ge smo 11.0] 11.0| 21.8 | 16.6} 23.0| 29.0 18.0 | -
concentration ug/m
Wincer: No. of sites 0 1 3 5 2 1 2 1
’Mean 80, = 80.3 \verage smok
Mean smke = 40.0 | 4 erage smoke - | 18.0] 34.7] 54.3} 63.0] 31.0 45.5 |[67.0

Concentration ug/m




TABLE A2.4:

A2.9

C2 Sites: Classification by Mean SO, Concemtration
&

502 Concentration range, 'ug/m3 <20 ]20-39 | 40-59 { 60-79 | 80~99 | 100-119 | 120~139 | >~139
No. of sites 1 0 5 12 7 6 1 1
Eﬂwle vear:
pMean SO, = 80.2 Av K
[fean sméke = 38.0 erage smoxe 5.0 - | 25.4| 40.4| 37.3| 4b.8 41.0 | 56.0
concentration pg/m
No. of sites 2 1 14 14 5 1 0 0
Summer :
plean SO2 = 61.3 Average smoke
Mean smoke = 20.5 ge_smo 3] 8.5 | 18.0| 18.8 | 22.8] 22.0| 30.0 - -
concentration ug/m
. No. of sites 1 o] 3 7 9 8 5 4
Winter:
Mean SO, = 97.3 Average smok
Mean Smke = 54.6 erage smoke 3]12.0 - | 25.3] 49.6| 63.0| 50.5 54.7 | 85.0
concentration ug/m
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APPENDIX 3

REDUCTION OF SULPHUR IN CLEANED COALS
PART 1: THE USE OF CONVENTIONAL COAL PREPARATION TECHNIQUES

A3.1 Five Seams A to E, selected at randoﬁ have been examined with the
aid of a computer model. All calculations have been done on "dry basis"
figures because:

(a) although inherent moisture is a property of the coal, the variations
between seams could make direct comparison of cleaning techniques
difficult,

(b) free moisture varies with plant operation and can be said to be
under the control of the operator, i.e. it is a process variable
not a coal property.

Two terms have been introduced, Thermal Recovery and Thermal Value
per tonne of sulphur. These define the .energy potential of the cleaned
coal as a percentage of that in the raw coal, and the energy potential
of the weight of cleaned coal containing 1 tonne of sulphur. They have
been calculated as follows:

_ CV of cleaned coal x yield
CV of raw coal

CV of cleaned coal x 100
Z sulphur

Thermal Recovery A

Thermal Value/tonne sulphur =

If the CV (calorific value) is in MJ/t the result is conveniently
expressed as TJ/t sulphur.

Since we are interested in reducing the amount of sulphur sent out
with the coal with the minimum loss of heat a comparison of relative
increases in the Thermal Value/t sulphur with Thermal Recovery give a
measure of the effectiveness of any particular operation.

In order to make comparison between coals easier a common dry ash-free
(d.a.f.) CV of 33,500 kJ/kg has been assumed and,

33,500 (100 - 7 ash)
100

with the result rounded to the nearest 100 kJ.

Calculated CV =

kJ/kg

A3.2 Table A3.1 shows the basic properties of the five raw coals examined

(25 mm - O size fraction in all cases).

Seam A is relatively low in sulphur and reasonably easy to clean.

Seam B, C and D are all "average" in sulphur content but differ
widely in washability characteristics.

Seam E, high in sulphur but not difficult to clean.

The three 'average' seams were included in the hope that they would
endorse the belief (based on general experience) that all seams will
eventually have to be examined individually in order to provide reasonably
reliable predictions of the results of additional coal cleaning.



A3.2

The table also shows the analytical and calculated values for an
average power station fuel (P.S.F.) (25 mm - O) prepared from these
five coals.

The average analysis for P.S.F. in 1977/78 on an as received basis

was:
Ash’ 17.0Z
Total moisture 12.07
Cv 24,000 kJ/kg

On a dry basis this becomes:

Ash 19.37%
Ccv 27,000 kJ/kg (to the nearest 100 kJ)

The method of preparation,which follows normal practice, was as
follows:

(a) Partial washing in a Baum jig separating at a particle density of
1.70, it being assumed that no cleaning was done on the -0.5 mm
fraction.

(b) The -0.5 mm fines were then added back and the resulting mix blended
with raw coal to produce the results shown, i.e. an average power
station fuel.

(¢) In the case of seam E, which is not only high in svlphur but also
high in ash the washed coal/fines mixture was so close to the target
ash of 19.37 that further blending was not practicable.

On their own, at this stage Thermal Recovery and Thermal Value/t
sulphur have little value. Their usefulness lies in comparisons made
later.

These results are taken as the standard against which alternative
methods of preparation are compared.

A3.3 Table A3.1A extends present practice in that it shows what co&ld
be expected if all coal above 0.5 mm was cleaned in a Baum jig and,/the
slurry added back to the cleaned coal. ‘

The results tend to confirm the suspicion that every coal will have
to be examined in some detail., The reduction in ash content varies from
marginal (C) to substantial (B). Loss of vend bears no relationship to
Thermal Recovery, nor does the reduction in sulphur content in any way
relate to the increase in Thermal Value per tonne of sulphur.

The increase in amount of discard to be tipped (loss of vend) varies
widely and again appears to be unrelated to the reduction in the sulphur
content of the cleaned coal.

A3.4 Table A3.2 shows the results from small coal cleaning by dense medium
cyclone at densities ranging from 1.9 down to 1l.4. In many ways it
reinforces the observations made on Table A3.1A. At the higher densities
the sulphur content is usually higher than that obtained by jig washing
although ash content is always lower. This is to be expected where the
high ash high density fractions are low in sulphur. The cyclone gives a
much sharper separation than a Baum jig and so any "benefits" from these
low sulphur fractions is lost.
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Below 1.70 R.D. the Thermal Recovery tends to fall of quite markedly.
No figures for Thermal Value/tonne Sulphur are given but they could be
produced.

A3.5 Table A3.3 is the logical consequence of Table A3.2, i.e. high density
separation to achieve maximum recovery coupled with a low density separation
to produce a middlings for further treatment and a primary cleaned product
which could be expected to have the lowest possible sulphur content.

(Note: The middlings from Seam C have a lower sulphur content than the
cleaned coal).

The predicted results for "de-sulphurisation' of the middlings are
based on several important assumptions:

(a) The ratio of organic to pyritic sulphur has been taken as 1:1. This
is an arbitrary ratio because nothing is known about this relation-
ship in middlings; the ratios quoted from time to time apply either
to a seam section or a cleaned coal product as a whole. It may be
that the organic sulphur tends to concentrate in the lowest density
fractions and the pyritic in the higher density fractions or middlings -
it seems that nobody has any evidence. Work will have to be done on
this if three-product separation is to be seriously considered for
sulphur reduction.

(b). The percentage of pyritic sulphur which can be removed, having been
released by crushing say to 3 mm, is taken as 50%. This figure is
based on work done in Germany but obviously depends on the degree to
which pyrite can be released. Negligible loss of coal is also
assumed.

(¢) It is assumed that some form of gravity separation is applied to
the crushed middlings (see later note about froth flotation) and
crushing to below 3 mm has been assumed because the 'de-sulphurised"
product could then be dewatered in the centrifuge along with the
washed smalls. :

(d) Thermal recovery is assumed to be the same as for a separation at
1.90 R.D. (i.e. negligible loss in the middlings retreatment).

The reduction in sulphur which might be achieved by this method
again varies widely. Nevertheless in terms of Thermal Value/tonne
sulphur there is a noticeable improvement in all cases.

A3.6 The use of froth flotation has not been considered, since when used
conventionally the coal concentrate almost invariably contains a propor-
tion of free pyrite which would not be present in the product from a
gravity separation. The sulphur content is therefore higher than one
would normally expect. The results from the use of depressants are un-
certain and appear to require an increase in flotation time beyond that
normally catered for. Two-stage selective flotation is not a conven-
tional coal preparation technique and it should probably only be con-
sidered as a last resort. The density of pyrites (5.0) is so much higher
than that of coal that the logical approach to fines treatment must be to
look first at techniques which make use of the density differential, e.g.
cyclones and concentrating tables.
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A3.7 The only definite conclusions one can draw from this investigation
are:

(a) Reductions in the tonnage of sulphur, of the order of up to 107
may be possible in some cases, but most will be much lower than
this. On a thermal basis, sulphur reductions are a little greater
(bottom line in Table A3.3).

(b) Every seam must be looked at individually, since even a marginal
reduction in a "middle" sulphur seam may be important if high
outputs are obtained from that seam.

In connection with (b) a breakdown of coals supplied to C.E.G.B. by
source (i.e. seam) would seem to be needed as a first step.
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TABLE A3.1

RAW COAL - STANDARD PREPARATION

Seam Seam Seam Seam Seam
A B C D E
Raw Coal Properties
Ash Z 37.1 31.4 26.8 31.7 41.4
Sulphur A 1.33 1.54 1.57 1.52 2,64
Calculated C.V. kJ/kg | 21,000 23,000 24,500 22,900 19,600
Middlings R.D. 1.6 - 1.8 A 3.9 1.0 12.1 4.5 5.5
Ease of cleaning Mod. Very Diff- Mod. Mod.
Easy Easy icult Easy Easy
Summery of Results for
Preparation of Power Station Fuel
Ash % 19.3 19.3 19.3 19.3 19.3
Sulphur Z 1.43 1.53 1.28 1.60 2.99
Calculated C.V. kJ/kg 27,000 27,000 27,000 27,000 27,000
Yield of product* % 69 82 81 77 63
Thermal Recovery 2 89 96 89 90 86
Thermal Value,;tonne sulphur TJ 1.888 1.765 2.109 1.688 0.904

* Standard preparation - Cleaning of plus 0.5 mm in a Baum jig (particle
density separation 1.7), all raw coal below 0.5 mm added to cleaned coal.
Resulting product then blended with raw coal to give required ash content.
In the case of Seam 'E' the mixture of washed coal and raw fines does not
permit blending (i.e. ash content is already very close to 19.3%).
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TABLE A3.1A

TOTAL CLEANING OF POWER STATION COAL IN BAUM JIGS Dp 1.7

Saleable Product

Ash
Sulphur

Calculated CV

Yield of Product

Thermal Recovery

(with raw fines added to cleaned coal)

Seam Seam Seam Seam Seam
A B C D E
15.8 11.3 18.4 15.4 19.3
1.45 1.52 1.24 1.62 2.99
28,200 29,700 27,300 28,300 27,000
65 73 79 72 63
87 94 88 89 86
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TABLE A3.2
SUMMARY OF RESULTS FOR CLEANING OF +} mm BY DENSE MEDIUM CYCLONE

At Density 1.90

Ash

Sulphur
Calculated CV
Yield of Product
Thermal Recovery

At Density 1.80

Ash

Sulphur
Calculated CV
Yield of Product
Thermal Recovery

At Density 1.70

Ash

Sulphur
Calculated CV
Yield of Product
Thermal Recovery

At Density 1.60

Ash

Sulphur
Calculated CV
Yield of Product
Thermal Recovery

At Density 1.50

Ash

Sulphur
Calculated CV
Yield 6f Product
Thermal Recovery

At Density 1.40

Ash

Sulphur
Calculated CV
Yield of Product
Thermal Recovery

(with Raw Fines added to Float Product)

Z
Z
kJ/kg
A
Z

39 ™8

kJ/kg

%
Z
kJ/kg
A
YA

A
A
kJ/kg
A
yA

Seam Seam Seam Seam Seam
A B C D E °
16.9 11.4 20.9 16.4 19.6
1.49 1.54 1.22 1.63 3.08
27,800 29,700 26,500 28,000 26,900
68 74 87 74 65
90 95 94 91 89
15.3 10.7 19.4 15.4 18.5
1.48 1.53 1.23 1.63 3.07
28,400 29,900 27,000 28,300 27,300
66 72 83 73 - 63
89 94 92 90 88
14.2 10.2 17.8 14.5 17.8
1.47 1.52 1.22 1.63 3.04
28,700 30,100 27,500 28,600 27,500
64 72 79 71 62
87 94 89 89 86
13.3 10.0 16.1 13.6 17.0
1.44 1.51 1.23 1.62 2.96
29,000 30,200 28,100 28,900 27,800
62 71 73 68 59
85 93 84 86 84
12.6 9.7 14.3 12.7 16.4
1.40 1.48 1.24 1.61 2.82
29,300 30,300 28,700 29,200 28,000
60 70 65 64 56
83 92 76 82. 79
12.3 9.6 12.8 12.3 16.4
1.34 1.45 1.26 1.58 2.59
29,400 30,300 29,200 29,400 28,000
25 67 54 60 49
76 88 64 77 69
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TABLE A3.3
THREE-PRODUCT SEPARATION DENSITIES 1.40 - 1.90

Seam Seam Seam Seam Seam
A B C D E
Product at Density 1.40
(including Raw Fines)
Ash yA 12.3 9.6 12.8 12.3 16.4
Sulphur % 1.34 1.45 1.26 1.58 . 2.59
Calculated CV kJ/kg | 29,400 30,300 29,200 29,400 | -28,000
Yield of Product A 55 67 54 60 49
Thermal Recovery 2 76 88 64 77 69
Middlings 1.40 - 1.90
Ash yA 35.5 29.4 34.0 - 33.6 28.9
Sulphur A 2.10 2.47 1.16 1.82 4.50
Calculated CV A 21,600 23,700 22,100 22,200 23,800
Yield of middlings Z 14 7 33 15 17
Thermal Recovery YA 14 7 30 15 20
Middlings treatment at washery
Sulphur in middlings become Z 1.58 1.85 0.87 1.37 3.38
Sulphur in middlings oz | 1.39 1.49 1.11 1.54 | 2.79
plus cleaned coal
Sulphur in cleaned coal (Dp 1.9)7% 1.49 1.54 1.22 1.63 3.08
Reduction in sulphur A 0.10 0.05 0.11 0.09 0.29
reduecion fn sulgiur bl 3 | oo | ook | o7 | os | 00
Thermal Value/tonne sulphur TJ 2,000 1.993 2.387 1.818 0.9642
Increase over standard P.S.F. TJ 0.112 0.228 0.278 0.130 0.060
A 6 13 3. | 8 7
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