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Selection of Coals for Coke Making -
The Economic Worth Approach 

BY: John s . Goscinski 
Massey Coal Export 

lntroduc tion 

More buyers and sellers today are relying on economic worth 
models to discriminate between the multitude of coal products 
t hat are available in the marketplace. A variety of t e rms have 
been used to describe economic worth such as comparative value 
r atings, equitable product costing, etc •• The economic worth 
a pproach to coal selection requires a working knowledge of coal 
guality anda clear understanding of the use for which the coal 
is intended. Computer models orchestrated by engineers help 
establish the relationships between product acceptability, cost 
and value within the context of operational constraints and 
process variables. Assessment of coal value must be carried 
through to some intermediate or final product by determining the 
i mpact that guality has up through that stage in the finishing 
process where the impact of coal guality on process economics 
e nds. ln this regard, the best interests of both buyer and 
s eller are served when the delivered price of a seller's 
product , that has already been screened for acceptabili t y, falls 
within a buyers budgetary constraint s after its price has been 
a djusted for predicted performance in the process for wh ich it 
is intended. Of course the higher a coal's v alue in a gi ven 
proces s and the lower it s delive red cost the greate r t he s avings 
o r e conomic worth to the customer (Figure 1). 

Economic wo rth o f coking coal as it pe rtains to the s t e el 
industry is the price that can be paid f or an alte rnative 
me tallurgic al coal product wh ile mainta ining hot metal 
produ c ti o n and c o st constan t . Si nce i t i s c oal that is being 
e conomically e valuated, constant hot metal production a nd cost 
a lso c ov e r s the requirements o f maintaining coke p rodu c tion and 
cost cons t an t . lt f o llows t hen , that th e economic wo rth 
evaluation o f diff erent c oking coa l s ource s is a t wo s t e p 
p roces s . First t he re l a tive v alue of t h e candida t e coa l s mu s t 
be evaluated within the contex t o f t he c oal b l ending and coke 
opera t ing conditions be ing employed and s e c o nd l y t he amou n t and 
t ype o f coke produced unde r these conditions must be eva lua t e d 
for their fuel va lue , reduc ing c a pabilities, and contri b ution to 
burden support within specified blast furnace raw material 
burdening and operating practice. ln this regard, the e conomic 
worth of a metallurgical coal is more o ften than not site 
s pecific with its value changing in accordance with consumption 
s e tting because of the different cokemaking and blast furnace 
practices employed and raw . mate rials available at each location, 
i.e. North America vs Far East vs Europe vs South Ame rica. 
Although the magnitude of the economic worth advantage or 
disadvantage of one coal versus another will change for 
different consumption settings, generally the relative rankings 
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do no t drast ica lly change; and her e in lie s the just i: ication ic= 
taki no s uch a n a pproach t o disc rimina te betwe en co~peling 
sourc~s . I t shou ld also be noted t hat t he economi c wo=th 
s e lection of cok i ng coa ls can change with time for a given 
consumption s e tting s u ch that a coa l wh i c h is not cos t effect~ve 
toda y may become more competit ive t o mor r ow a s t he cok e -ma k ing 
a nd blast furnac e operat ions and/or raw materi a ls s upp l y 
situation changes for tha t particula r consume r . 

Economic Worth Conside rations i n Coke making and Hot Metal 
Produc t ion 
Economic wo rth models f o r e valuat ing coking coa l s s hou ld pred i ct 
the changes tha t coa l blend chemistry wi l l h ave o~ coke yield 
and by -product credits , inc l usive of underfiring r qu ireme nts , 
and how changes in chemi cal rheological and pe trogra ph ic 
pro pe rties of the different coals i n the blend i nfluence 
re s ultan t c oke purity, strength (incl uding b ree z e generatio n ) 
and reactivity for the pulverization level, bulk d ens ity and 
heating practice being e mpl oyed on the coke battery (Figure s 2 , 
3, 4). Subsequently, an est i ma te of t he cost i mpac t re sul t ing 
from these coal quality changes should be based on the c ok e rate 
and hot metal production expected f rom th e us e of t he s e 
diffe r e nt predicted coke qualities i n t he blast furnace . 

Typi c al quality spec ifications a nj s t andard d eviatio n s s hou lõ be 
k nown no t only for the coals being economica l ly evaluated for 
purchas e but a l s o for each and eve r y c oa i used in the 
carboniza tion blends (Figure 5). I n t his way , coal qua lity 
unif o r mity can be factored in to coal q ual ity cha nges and it s 
predic ted effect o n c oke oven s a nd blast furnace ope r at ions 
without under or over estimating the cost impa c t a ssociated with 
t h ese c h anges. If possible the de livered cost of all t h e coa ls 
be ing used should be known to conduct a n accura t e econom ic wo r t h 
asse ssmen t. For instance, Au stralian meta llurgical coal s bei ng 
consumed in the Far East have distinct transportation ad van t a ges 
over t heir American c ounterparts. The reverse ha s been true up 
to recently for delivery of Australian coals into Euro pe anã 
South America. Coal conve r sion prac t ice can al so dif fe r so 
subs t antially for diffe rent c onsumpt ion setti ngs that it 
somet imes is nec essary to know conversion cost compone nts su ch 
as labor and energy c harg es , and by -product cr ed its in arder t o 
give an accurate asses sment o f cost impac ts r elated to coal 
quality changes. 

Special situations do exis t whe r e coal s elect ion transcends t he 
economic worth approach. l n such cases, a candidate coal whi ch 
may b e indicated to hav e a high economic worth beca us e of the 
improvements in c o k e s t rength a nd c hemistry it offers t he use r 
must b e disqualified from cons idera t ion because it ca nno t be 
carbonized safely with the coals which are curre ntl y be ing u sed 
in that consumption setting. This is a particularly sen s i t i ve 
issue in the State s right now where the excessive a ge o f th e 
remaining coke oven batteries has made it necessa ry t o se lect 
more contracting high vols and lower rank, and / o r l owe r 
expanding or pressure prone low vols. In add it ion , th e 
interchangeabi li ty of coals i n a blend may be importa n t becaus E 
of logistics, prior c ommitments, or for o ther r e a sons . 
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Sometimes, the stockpiling and blending capabilities that exist 
or the ability to achieve certain pulverization and bulk density 
levels or even sustain certain heating practice may also 
eliminate the highest econom ic worth metallurgical coals from 
considera tion. Finally, certain consumers which have captive 
and/or long-term raw material commitments may make their 
selection of outside coals unduly restrictive. ln fact, in some 
cases the restrictions on coal selection dueto captive raw 
material supply may have only to do with the ore and flux being 
used and reconciled against the hot metal guality de sired for 
the operating limitations of the blast furnace. 

Assessing the impact of coal blend changes on coke guality and 
cokemaking economics is easy compared to measuring their effect 
on blast furnace production and cost. This is simply dueto the 
fewer number of interrelated variables that are involved in 
cokemaking versus hot meta l production. The blast furnace 
evaluation portion of the model should possess the capability of 
assessing the cost impact that resultant coke size, shape and 
chemistry {ash, sulfur, phosphorous, alkali) and reactivity and 
st rength have on coke rate and hot meta l production within the 
context o f the type and quality of ores and fluxes being used 
and the furnace operating conditions being employed {Figure 6). 
In this regard, the h ot metal guality objectives, i.e., silicon, 
sulfur , phosphorous, a nd manganese targets as well as the 
furnac e size and capabilities including but not limited to fuel 
in jec tio n rate, pre s surization level and flame temperature 
capab i l i t i e s , a nd the e xtent t o which external des u lfurization, 
conti nuous tapping or ladle metallurgy exis t may all need to be 
c onsidered in order to conduct a truly meaningful economic worth 
e valua t i o n. 

Assessi ng a coal ' s impact on b la st furnace economics is further 
complica ted by t he evolut i o n of chang e that has taken place in 
the are as of raw materi a ls ava ilabi lity and preparation and 
blast furnace e quipmen t sel ec tion and capability (Figure 7). 
The mo st impo rtant of these are: 

1 - Pre f e rence for larger dia me ter blast furnaces in which CSR 
and c o ke strength have take n on added significance; 

2 - A r eduction of blast furna ce slag volume through improved 
burde n chemistry, in partic ular , the us e of iron ore 
concentrates and lower a sh and sulfur cokes and more 
r e cent ly a move away from acid t o flux slnter and pellets; 

3- Introduction of more uniform and closely sized burdens; 

4- Achievement of higher hot blast and tuyere flame 
temperatures with the use of less coke through a combination 
of stove redesign and oxygen enrichment coupled with 
hydrocarbon tuyere injections; 

5- Achievement of higher wind rates through a higher pressure 
operation increased coke stability and controlled 
reactivity; 
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6- Adoption of external desulfur i zation a nd novel laddl é 
metal l urgy t e chnique s to make h igher qu a li ty s teel 
prod ucts . 1 , 2 , 3 

The gradual adoption of these changes over the past 30 y e ars ha s 
given ris e to various blast furnace burdening an d ope rating 
prac tices throughout the world whi ch makes compute r programs 
being used to assess economi c worth of coking coals more 
difficult to compare, particularly if they are written for a 
specific raw material supply and operating practice. Fe w 
programs, if any, are conceived to be flexibl e enoug h t o handl e 
all the d if ferent cost impacts relative to perf o rmance of 
differe nt qua lity cokes in different consumption setting s . 

Eco nomic Worth Calculations - Moisture, Volatile, Ash , and 
Sulfu r 
Changes in coal moisture and volatile matter content impact coke 
production c osts exclusively while changes i n coal ash, sulfur, 
and alkali content and coke strength and r ea c tiv ity primarily 
influence hot metal production (Figure 8). Highe r volatile 
matter reduces coke yield and increases by-produc t recove ry. 
The effect of volatile matter on coke y ield is predictable . At 
a $100 pe r ton coke produc tion costa one pe rcent reduc tion in 
coal volat ile matter increases coke yield approximate l y 0.75% 
and is wor th $0.75 per ton of coking coal. On the othe r side of 
the ledger , the by -product credits, wh ich increase as c oal 
volatile matter increases , must be accounted for. The amount 
and type of coke by-products resulting from coal carbonization 
are also predictable from volatile matter content and coke oven 
practice . The value of gas, tar, light oils and othe r coal 
chemicals prevailing at the time of production wil l determine 
the magnitude of the credit received. ln the pa st, the 
magnitude of the credit received by U. S . coke producers has been 
geographic sensitive. Recently the inability to fully c o nsume 
the coke oven ga s and upgrade other by-products produced at 
certain Steel Works has reduced by-product values and made the 
magnitude of the credit received even more geographic 
sensitive. 

Increased moisture has a comparable impact on coke yield as that 
cf vo latile matter. However, higher mcisture content also 
creates handling and bulk density control problems and increases 
the underfiring requirements in the coke ovens. The combined 
negative impact of all these factors can easily account for over 
a $1.00 per ton penalty on the low side per 1% increase in 
moisture content to several dollars per ton if bulk density is 
severely impacted and cannot be corrected with oil additions . 
Changes in volatile matter also impact on heat of carbonization 
and coking time and thus underfiring requirements but its effect 
is notas easily measured and incorporated into an economic 
worth evaluation. 
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As early as the 1950's, Flint, 4 MacFetters,5 and others 
performed multiple correlation studies to identify the 
independent variables that were believed to effect blast furnace 
performance . Flint was especially successful in d e termining the 
e ffect that 18 independent variab l es had on the consumption of 
carb6n per ton of hot metal tapped. The importance of the Flint 
approach is that over 300 independent variables were examined 
and reduced to 18 with their effec t on carbon rate inclusive for 
a ll the variables studied . Flint used the effecti ve ca rbon rate 
as the c ommon denominator among cokes of different 
specifications to compute how non-coke independent varia b les 
effect c oke rate . It follows that cokes having the sarne 
pr oduction cost but with different effective carbons p rod uced 
from d ifferent coal blends mus t contain coals of d i ffer e nt 
economic wo rth providing the sarne burdening, hot metal analysis 
a nd furnace conditions are ach i eved. The effective carbon value 
of coke charged to the blast furnace is the contained carbon in 
th e coke (100 - % ash - % sulfur - 2.5% moisture - 2. 0 % to 
accoun t for non-carbon elements contained in volatile matt e r and 
fixed carbon of the coke) reduced for the pounds of carbon 
consumed in smelting its ash, eliminating its c ontained sulfur 
a nd disa s sociating the moisture in the blast required t o burn 
t he car bon (Figure 9). A simple estimate of the percent 
e ff ective carbon in coke can be made as fo llows: 

Perce nt Carbon in Coke 

Minus 

. 55 x Percent Ash in Coke 

Minus 

3 .0 0 x percent Sulfur in Coke 

Minus 

.15* x Percent Bases ( CaO + MgO) required** to f lux 
the Ash and sulfur 

*Use .1 5 coefficient if burden flux sinter or pellets is the 
sou rce of the bases; use .45 coeffic i ent if bases are provided 
by r aw fluxes (Limes tone and/or Dolomite) 

**Each unit of ash requires approximately .6 5 un its of bases ; 
each unit of sulfur requires 5 .0 units of bases.6 

The effect of ash on carbon rate reflects th e amo unt of carbon 
that will be consumed in smelting its ash content. A unit of 
coke ash requires 0.65 units of base s , produces 1.8 units of 
slag and requires 0.6 units of carbon per unit of cok e ash s lag 
or in essence has a carbon coefficient of 1. 0 for coke ash if 
the bases are provided by raw fluxes (lirnes tone or dolomite) . 
If flu x sinter is the source of the bases, a lower carbon 
coefficient for coke ash of 0.7 units is applied. The Japanese 
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have been operating wit h flux sinte r burde ns f o r q u ice s ome 
time . More recently American s t e e l produ cers ha ve e x pe rimented 
with 1 00 % flux pellet burdens and have reported d rama t ic 
i mprovements in coke and hot metal production rate s of 5 0 lbs 
per ton of hot metal (NTHM) and 5%, respect ive l y. 7 Improved 
lining wear also r esu lts from switching from a cid t o flux pellet 
bu r dens . 8 For North American blast furna ce pra ctice where raw 
fluxes are more commonly used a 1.0 percent change i n ash has 
been equated to a 20 pound change in coke rate (The e f fect that 
ash ha s on coke ash slag formation and carbon rate plus t he coke 
r e quired to provide to the blast furnace an equivalen t effect ive 
carbcn at the higher coke ash level.). The Flint f o rmula was 
la ter expanded to account for associated losses i n hot metal 
product ion dueto effective c arbon and related slag volume 
change s resulting from incre ased coke ash.9 The effect of a sh 
on hot metal production reflects the use of more coke pe r ton of 
hot metal as a result of less effective carbon and more slag 
volume produced in the blast furnace and the assoc iated volume 
di sp lacement of iron units. In this regard, a 1% increase in 
coke ash has been associated with a 1% production rate 
d ec line.10 The combined effect on coke rate and hot metal 
production for a 1% change in coke ash is r o ughl y equivalen t to 
$1.50 to $2.00 per ton of coking coal at coke production costs 
of $100 per ton +/ - 10% and $125 per ton +/ - 10% respectively. 
The s e production costs have been on the dec line for the past 
s everal years and th i s trend is likely t o continue in the 
future.6, 11, 12 

The magnitude of the coke rate adjustment dueto increased coke 
sulfur where an increase in sulfur content in the hot metal can 
still be tolerated is influenced by the amount of carbon 
required to smelt the contained sulfur. Each unit of sulfur 
r equires 3 units of carbon. If coke sulfur increa ses and hot 
me tal sulfur must be held constant the basicity of the slag will 
have to be increased to capture the increased sulfur load in the 
slag. The volume and chemistry of the slag at normal blast 
furnace operating conditions will determine at what coke sulfur 
level the basicity of the slag has to be adjusted to in order 
f o r th e slag to capture additional s u lfur. As a general rule 
each unit of sulfur requires 5 units of bases. For typical 
North American blast furnace practice each 0.1% change in coke 
sulfur will require approximately 8 lbs of a ddit ional coke and 
result in moderate hot metal production lesses of approximately 
0.5% - 0.6%.9 These combined changes are roughl y e qual to a 
cost differential of $0.75 - $1.00 per ton of coking coal at the 
aforementioned coke and hot metal produc t ion costs. Where it 
becomes necessary to increase slag volume to achi e ve the desired 
level of iron desulfurization, the increase in cok e rate and 
lesses in hot metal production become serious. ln a dd ition, hot 
metal production is advers e ly affected for the sarne reasons 
stated for ash. A 0.1% increase in coke sulfur content has b een 
associated with as much as a 30 lb increase in coke ra te anda 
3% decline in productivity where slag volume must be increased 
to maintain a constant sulfur slag. 6 If sulfur conte nt in the 
hot metal is increased beyond acceptable levels for conversion 
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into steel products, externa! desulfurization can be deployed 
and the capital, operating, and reagent costs for the system 
must be compu ted t o determine their impact on blast furnace 
economics. Operat ing costs of $1.50/NTHM have been reported per 
0 .01% reduction in hot metal sulfur in sulfur critica! 
situations where externa! desulfurization has been 
employea .13 However, coke rate savings of 31 lbs/NTHM have 
been reported for each .01% permitted increase in hot metal 
sulfur content with corresponding improvements in productivity 
of as much as 5%. 

Other Hot Metal Chemistry Reguirements - Silicon, Alkali 
Because silica, like sulfur, is the only slag making constituent 
that does not totall y end up in the slag it has a decidedly 
strong impact on blast furnace economics. Part of the silica 
reacts with carbon to form silicon which ends up in the hot 
metal. The partitioning of si lica in the slag and hot metal 
affects slag chemistry and volume. For this reason furnace s 
should operate at consistent hot metal silicon leve ls. Flint 
a nd others have estimated that an inc r ease of 0.1 pe rcent 
si li con in the hot metal will increase carbon consumption 11 -
13 l bs .1 4 This inc r ease in fuel consumption is necessary to 
achieve the higher hot metal temperature of 35 F, required to 
reduce and incorporate each 0 .1% silicon in the hot metal. 
With hot metal silicon contents ranging from 0.3% to 1.3 % for 
d ifferent furnace operation s its importance in asse ssing carbon 
rate consumption f or a particular furnace ope ration can not be 
overstated . 

The ability to produce lower s il i c on hot metal is partly related 
to the alkali load in the furnace which in turn affects the hot 
blas t and flame temperature that a furna ce can aspire to as 
coo l er , leaner more a cidi c slag s promote alkali removal. 1 5 
Over 80 percent of a slag ' s alkal i r emova! capability is 
assoc iated with lower basicity while the r emaining 20 percent 
comes from added slag vo lume . 1 6 Conversely, the sulfur 
removal demands placed on a furnace are more effec tively 
achieved t hrough the production of hotter more basic slags. The 
more basic the slag the higher the formation rate of lime and 
ma gnesia sili ca tes at the expe nse of alkali silicates. Since it 
is general practice t o remove at leas t 70 percent of the 
alkalies in the slag the operating route of lower flame 
temperatures and lower basicity slags is preferred when high 
alkali coals andores are employed in ironmaki ng. 

For most steel producers the largest contributor of alkalies to 
the blast furnace is from that present in coke ash, although 
some ores can contain higher concentrations than the coke 
itself. Preoccupation with the reduction of alkalies goes : 
beyond their interrelationship with hot metal silicon levels as 
the other operating problems that have been associated with 
their presence are formidable. Thes e include 
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1- Forma t ion o f scaffolds large e no ugh to cause erra tic burden 
movemen ts a nd disrup t normal gas fl o w pa tterns through t he 
furnac e which i n turn reduces available wo rking volume ; 

2- Premature failure of refractory linings and stove 
refractories; 

3- r ncreased rate of reaction of coke to CO2 which consumes 
additional heat and lowe r s the thermal effic i ency of the 
furnace; 

4- Increased swe lling and decrepitation of iron-ore pe llets 
containing l ow si l ica content.17, 1B, 19 

The impact that alkalies have on North American blast furnac e 
operations has been quantified. Carbon rate increases of 1 0 
lbs/ton of hot metal, and changes in hot metal p r oduction of 
1.0% have been equated to a 0.10% increase in the alkali content 
of coke.20, 21, 22 

Phosphoro us and Manganese 
Besides silicon and sulfur control in the hot metal , phosphorous 
is often maintained below 0.11% and preferably below 0 . 05 % and 
manganese below 0.50% and preferably below 0.30%.23, 24, 25 
The final reduction of ma nganese oxide also takes place at high 
temperatures and its content in the hot metal is genera lly 
proportional to the hot metal temperature. Lime fluxes the 
non-reduced manganese oxide forming a slag while any phosphorous 
entering the furnace is completely reduced and dissolved in the 
hot metal. Some of the unwanted phosphorous is oxidized out in 
the BOF, however, i n cases where phosphorous levels are 
excessively high dephosphorization of the hot metal prior to its 
introduction into t he BOF has proven successful. Carbon 
consumption increases of 2 .0 lbs per ton of hot me tal have been 
correlated to phosphoro us and manga nese incre ases in the hot 
metal of 0.10% at moderate concentration levels f o r these 
oxides. Rarely does the phosphorous content contained in 
American coking coals material impact blast furnace economics, 
as the amount present is relatively small compared with that 
contained in the ores being used . Th is is not the case f or 
coking coals from other parts of the world, especia lly those 
produced in Russia, Poland, and South Africa whe r e the 
phosphorous content can b e twen ty times greater than th e l eve l 
present in American coals. 

Coke, Ore , and Flux Physical Properties 
The blast furnac e is a cont i nuous counter-current process for 
producing metallic iron from iron-ore coke and limes ton e . 
Fluctuations in the size and strength of these raw materia l s 
determine furnac e efficiency th r ough their influence o n h ea t 
transfer, chemical reduction and melting. Coke makes up the 
bulk of the blast furnace burden by volume and has the greatest 
impact on gas distribution in the blast furnace whi c h is the 
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single most important factor controlling hot metal production 
rate . Close control of its size distribution has become 
increasingly important as blast furnace diamete'rs increased and 
the s e l arge throat diameters created strong size segregation . 
As the burden size consist varies there is a significant loss of 
void vol ume anda resultant increa s e in pressure drop through 
the furn a ce . To prevent this occurrence moveable armar plates 
and the Paul Wurth charging chute have been implemented. Stil l 
it is necessary to charge raw materials with optimal size 
dis tribution if l ow coke rates and high productivity are to be 
ach ieved . Close studv o f different burden material and their 
relation to furnace p~rformance has revea led the following 
desi r ed opera t ing ranges 

Lump Ore 3 - 1 1 /2 X 3/8 - 3/ 1 6 
Sinter 1 X 1/8 
Pellets 5/8 X 3/8 
Coke Small BF 2 X 3/4 
Coke Large BF 3 X 3/4 
Flux 1 / 4 X 3/8 

As alread y mentioned , if certain burde n materials are too fine 
the pressure drop accelerates whereas adeguate che mica l r eac tion 
and heat transfer are adversely affected if certain raw 
materia l s are charged too coarse to the furnace. 14 Burden raw 
ma terials and th e ir more critical uppe r and/or l o wer sizes are 
as follows: 

Normal Lump Ore - plus 3 / 16 
Sinter - plus 1 / 8 
Pellet - plus 3 /8 
Coke - minus 2 " for smaller BF 

- minus 3" for larger BF 
Flux - minus 1 1 /4" 

Ove r the years Flint's carbon rate formula has been expa nd ed to 
r ef lect how a change in the following size consist categor ies of 
blast furnace raw materials en tering the fur nace (after 
stockhouse screening) can i mpact on carbon rates 

Pellet and Sinter 
Variable 
Minus 20 Me sh 
Plus 20 Mesh, Minus 1/8" 
Plus 1 /8" , Minus 3/ 8 " 
Plu s 3/8" , Minus 1" 
Plus 1" , Minus 2 11 

Plus 2" , Minus 4" 
Plus 4" 

Carbon Coe f f icient 
Change Per 1 l b/NTHM 

+. 1 2 
+.08 
+. 04 
o 
+ . 03 
+ . 05 
+ . 1 O 



Coke Variable 
Minus 1/4" 
Plus 1/4", Minus 3/4" 
Plus 3/4", Minu s 1- 1/2 " 
Plus 1-1 /2", Minus 2 " 
Plus 2 '', Minus 3'' 
Plus 3'', Minus 4'' 
Plus 4" 

Carbo~ Coeff1cient 
Cha nge Per 1% 

+. 0 45 
-.04 5 
-. 07 5 
-.05 5 
- . 02 5 
+. 02 5 
+. 075 

Additional c arbon is also r equired if the lime s t one d iameter is 
g r e ater than 1.3 inches because it is not completel y c a lcined 
whe n it reaches the high tempe ratures zone of t he fur na c e . For 
i n stanc e , a lmost 5 lbs of carbon per 10 0 lbs of limes t o n e used 
can be saved if the limesto ne diame t e r is reduced fr om 3 t o 2 
i nche s . 

To a great ex tent the top size and size distribu tion o f co ke can 
be controlled by the coal blend charged and the c oal 
pr e para tion and coke oven ope rati o n conditions emp loyed i n the 
carbonization process . Proper coal se lect ion up front c a n help 
contro l heat o f carbonization, a nd coking time in th e r equ ired 
rang e s necessary t o ach ieve the sta r ti ng coke siz e de s i r ed o n 
t he wharf for t he charge preparatiori and coke operating 
conditions being employed . 

Coke Stability 
Hi gh coke strength wi th good r e a ctivity is r e quired t o opera t e 
at maximum hot metal production l evel s. 26 An increas e in coke 
stability of one point betwe en 50 and 60 can result in a 2% 
inc r e ase in wind rate and a comparable increase in hot me~al 
production (1.5 - 1.7%) until maximum blower wind i s 
attainea. 27 Once blower wind r eaches a maximum the producti on 
increase dueto further increases in stability is reduced to 0.7 
- 1.0% per point increase. This is caused purel y b y the lower 
ca rbon rate achieved with the higher strength coke. A decrea se 
in c o ke rate of 5 - 10 lbs oer ton of hot metal i s al s o 
associa teà with a 1 poin t i~crease in stability with no blower 
wind restricti o ns. The coke rate c hanges are on t he high side 
of the range when blower wi nd restricts p rodu c tion . A 
beneficial reduction in coke breeze genera tion of 0 .5 - 0 . 7 5 % 
per poi nt of stability is also associa tej with c o ke strengt h 
improvements. Consequentl y , a one point imp r o ve;r.-:,nt i n coke 
strength can translate into an economi c be nefi t of a s 1nu c h a s 
$1.50 - $2.00 per t o n of cok i ng coal . 

Coke Reactivity 
Investigations i nto t he i nf luence t h a t coke r eact ivi t y ha s on 
b last furnace pe rformance has shown that an i ncreas e i n th e 
reactivity anda decrease in afte r r eac t ion streng th of coke 
charged to the blast furna ce r esults in increased c o ke f ines in 
the raceway, ex pa nsion o f t he àeadma n, anda contra ction o f the 
raceway depth and active coke zones. With coke degradat ion , 
pulverized fines accumulate above and in front of th e combustion 
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zone causing a peripheral gas flow in t he shaft. This ca us es 
channeling of gases in the s haf t o f the blast f urnac e and 
deterioration of liquid permeability in th e hearth du e t o a 
co mpa cted coke zone be l ow t he tuyeres. Ishikawa 28 summarized 
these c hanges in terms of coke ra t e as . fo llo ws : 

+1.45 Kg coke / THM / -1 % CSR when CSR < 57. 5 

+0 . 30 Kg coke /THM / -1% CS R when CSR > 57 . 5 

Adver se effects on hot metal p rodu ction have a lso been implied 
whe n using high reactive coke . Mor e r ecentl y one U. S . Steel 
producer has repor ted coke rate and hot metal production 
improvements of 1 0 lbs and 0 .7 % pe r point of CSR whil e 
ma intaining coke strength and chem i stry constant.29 , 3 0 
Lining de terioration was also report e d t o have ceased . 

Ope rating Cond it ions in the Blast Furnace 
Operating cond itions i n the blast f urnace can impac t on c arbon 
rates and thus the magnitude of the economic wor t h value 
assigned to different coal attributes. l n order t o lower the 
carbon rate in the blast fur nace the prope r balance between 
indirect and direct r educt ion must be a c hi e ved and maintai ned. 
lndirect reduction take s p lace in the upper port i on of t he 
furnace gene rally a t tempera tu res of around 17 00 - 18 00 F 
according t o the followin g reac tion, C0 + Fe O = Fe + c o 2. 31 
Direc t reduction by the rea ction C + Fe O = Fe + CO tak es place 
in t he lowe r portion of the furna ce a t tempera tu res gene rall y 
above 20 0 0 F, absorb ing large quantities of hea t . l n actual 
practice , a balance of 55 percent i ndirect to 45 pe r c e nt d irect 
r e sults in the most economic blast fur nace p ra c t ice . The key to 
l oweri~g coke rates lies in maintaining this balance by 
inc rea s i ng the amount of heat in the l ower portion of the 
furnace while providing enough hea t and c arbon monox ide f or 
indirect r eduction in the stack .3 2 This is generally 
accomplis hed by controlling flame temperature through hot blast 
and oxyge n enrichment whil e at the sarne time introduc i ng 
injection fuels and moisture in th e blast. Each o f t hese 
changes has a different effec t on f lame tempera ture . 

lncreasing hot blast increase s the flame temperature b ecause the 
sensible heat in th e air inc r e ases. lncrea sing oxygen 
en ri chment by 1% increases flame temperature about 80 F be cause 
the amount of N2 in the t otal b last dec reas es therefo re 
dec reasing the amount of combus ti o n gas form ed per po und o f 
carbon and thus the amount of combustion gas that must be 
hea t e d.33 For every 100 F increase in the hot blast 
t emperature direct reduction increase s by two pe r cent. 
lncreas i ng the moisture in the blast decreases blast tempe rature 
22 F per grain of moisture per standard cubic foot be c ause of 
the in crea s ed heat consumed by moi stu r e when it r e a ccs with 
carbon. However, the H2 and CO that is form ed in th e l ower 
portion of the furnace increases the amount of redu c ing ga s in 
the stack and thus, the relative percen tage o f indirect 
r e duction occurring in the furnace. 
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Fuel i nj ection decreases flame t empera ture beca use f uels burn e d 
with 02 release less heat per pound of C than does th e burn i ng 
of coke with co2.3 4 , 35 In ject ed fuels consume 02 that would 
o t he rwise consume coke C so col d fuel is repl a cing hot prehea t ed 
c o ke . Injecte d fuels also contain H2 which is r e lea sed in the 
tu ye re zone thus increasing the amount of combust ion products 
produced pe r pound of C c onsumed that must be heated. 

By injecting oil, gas or coal and other hydrocarbon fuels in 
combination with oxygen enrichment of the blast the coke rate s 
can b e reduced and the hot blast and f lame t e mpe ratu r es can b e 
increased without upsetting the optimum heat balance in the 
various zones of the blast furnace.36, 37 The following 
savings in carbon rate have been established thro ugh the years 
for different hydrocarbon injectants 

Variable 
Natural Ga s 
Coke Oven Gas 
Fuel Oil 
Tar 
Coal - High Volatile 
Coal - Low Volatil e 

Carbon Coe ffi cient 
Change Per 1 l b/NTHM 

-1. 05 
- • 80 
- • 90 
- . 90 
- • 80 
- • 75 

Finally , inc reasing the top pr e ssure i ncreases produc ti vi t y and 
decreases carbon rates by preventing the burden from lifting and 
upsetting its normal decent in the f urnace at higher ope rating 
wind rate s . Increasing the tempe rature of the hot blast, as 
already mentioned, can also increase productivity and de c rease 
coke .rates while the moistu re in the hot blas t or in the 
inj e cted coal or from other burden materials results i n an 
increase in effective carbon rate. The following r e lationships 
with carbon rates for these blast fur nace operating cond itions 
have been established.6 

Variable 
Top Pressure 
Temperature 
Moisture in 
Mo is ture in 

Carbo n 
Coefficient 

Change 
-1 

of Hot Blast -.25 
Hot Blast +.40 
Injected Coal +.5 5 

Per Measureme nt Unit 
+1 PSIG 
+ 1 O F 
+lb / ton of hot metal tapped 
+lb /ton of ho t metal tapped 

Base Formulas Reguired for Economic Worth Evaluati o ns 
From the foregoing discussions it is clear that any economic 
worth comparison of coking coals cannot be condu c t ed until 
formulas for mea suring the effect that changes in coke breeze 
generation, coke y ield, and coke by-prod ucts have o n coke 
production costs have been established (Figure 10). To compu te 
these effects, it is neces sary to know coke cost , coke yield , 
and furnace coke yield but also, for calculating c oke breeze 
effec t: 
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Average coke breeze generation; 

2 Change in the average generation per point · change in 
stability; 

3 Coke breeze value; 

for cal culating coke yie ld effect: 

An accurate estimate of coke yield differences for different 
volatile content coals and coal blends. 

and for calculating by-product credit: 

An accurate estimate of by-product yi e lds for different 
volatile matter content c o als and coal blends; 

2 Current value of different by -product s such as ga s , tar, 
light oil. 

Formulas for predicting coke ash , sulfur, alkali, and 
phosphorous content and stability and reactivit y ar e also 
requ ired as are applicable coke rate and hot metal production 
e ffect formulas for the blast furnace in the consumption setting 
being studied. The coke rate effect formula at the ve ry least 
will be influenced by coke cost, coke yield, furnac e coke yield, 
and coke rate for the consumption setting being studied. The 
hot metal effect f ormula will also be influenced b y coke yield, 
fu r nace coke yield a nd average coke rate but mos t importantly by 
some measure of b last fur nace efficiency that r elates to a 
profitabil ity standard for the conversion of iron ore t o hot 
meta l anà hot metal to steel. 

Once the base formulas have been established, it is necessary to 
have some feel for the impact that changes in coke stability, 
react iv ity, ash, sulfur and a lkali content ha ve on coke rate and 
ho t me tal production in the blast furnac e . As already 
mentioned, these relationships are site specific and must be 
established over a long ope rating period and be constantly 
upda t ed as changes i n blast furnace b urdening and o pe rating 
c onditions change. Some typical values that have be en used over 
t he past years for estima ting cost impacts dueto changes in the 
aforementioned coke quality parameters in the context of North 
Amer i c an blast fur nace practice are as f o llows: 

Coke Rate Change/Pt. of Stability 
Hot Metal Change/Pt. of Stability 
Coke Rate Cha nge/Pt. of CSR 
Coke After Reaction < 58; 3.0 lbs 
Coke After Reaction > ; 58 = 1. 5 lbs 

10 lbs 
1. 50% 

Hot Metal Rate Change/Pt. of CSR 0. 5% 
Coke Rate Cha nge/% Coke Ash ; 20 lbs 
Hot Metal Chang e/% Coke Ash = 1.25% 
Coke Rate Change/.01% Coke Sulfur; 1 0 lbs 
Hot Metal Change/.01% Coke Sulfur = 1.00% 
Coke Rate Change/.1% Coke K20 12 lbs 
Hot Metal Change/.1% Coke K20; 1.10% 
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Output o f Economic Worth Model 
Th e f i na l outpu t of economic wor th mode ls i n which real coal 
cos ts r efl ect the cost o f producing coke and the pe rf or man c e o f 
that coke in the product i on of hot metal is mo st c onvenient l y 
e quated back to a cost per ton of c oa l cha r ged whethe r f or a 
single c o al ora blend (Figure 11 ). Since r ank is t he most 
controlling factor with r egard t o ut i lization , only c oal s or 
blends of coals o f similar rank c a n be effectively compared. If 
ind ividual coals of comparable rank are being compa red ,the 
proportions of the o ther coals in the blend are held cons tant 
and the entire c os t adva ntage o r disadva ntag e of one blend 
versus ano ther i s expr essed in term s of t he cost per net ton of 
subst ituted coa l used in the blend. If d i ff e ren t rank coals ar e 
be ing substituted , it is often ne cessary t o change t he 
participation of the other blend coals in order t o compensate 
f o r this rank difference . In this way, the subst i t u tion of 
different rank c oals can be fai rly e valuated wit h regard to 
thei r overall affect on r e sultant coke qua lity a nd s ubsequent 
blast furnace performance . In this case, it is not only the 
individual substituting coals that are credited with the 
resu ltant change in economic worth but the en ti re blend and the 
cost advantage or disadvan tage must be expressed o n the basis of 
cost pe r ton of all coal c harg ed (not j ust the subst itut i ng 
coal). 

Sta tistical Proces s Control 
With t he recent adoption of Statistical Proce ss Con t rol (SPC) 
techniques to main t ain meta llurg i ca l s hipme n t s mad e to U.S. 
steel producers, the economic wor th evaluation t echnique s have 
taken on added significance (F i gure 12). One steel producer is 
actually using the economic worth approach to repcr t back to 
coal producers on their monthly pe rformance in te rms of the 
dollar impact their shipments have had on the produc tion of coke 
and hot metal. This novel approach applies sta t i st ica l process 
c ontrol techniques to monitor t he average and ranges in chemical 
quality of shipments made by each supplier f o r comparison with 
the typical and min/max specifications that the products were 
sold on (Figure 13, 14). Th e impact on coke and hot metal 
production costs attribute d to differences between the mean 
qualit y of the shipments made a nd t he t yp ical spec ifications 
agreed to along with the i mpact associated with t he differences 
between the rang e i n c hem i ca l qua lity for th € s hipment s mad e and 
the min/max specifications agreed t o , or i n esse nce a meas ur e o f 
variability , are computed and expressed on a cost pe r ton of 
coking coal charged to th e ovens . Thes e ca l cu l at ions are 
distributed to each suppli e r on a monthl y basis a nd wi ll be used 
as the basis for futur e purchases. 

Future Work 
With the advent of sophisti c ated compute r contr o l equipmen t and 
our growing knowledge of what takes place in t he bl a st furnace 
the concepts of economic worth are taking on added 
significance. Instead of having to infer perfo rmance i n the 
blast furnace, systems like the Koverhar Blast Furnace 
Supervising System are b eing use d to actually measur e slag 
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bascisity, fuel consumption, blast furnace production rate, and 
process efficiency on a continuous basis along, with pertinent 
temperature and pressure data. With more developments of this 
kind hot metal production costs will continue to decline and the 
steel industry's future will be assured. 
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