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Abstract

This paper reviews quality requirements of metallurgical coke for the blast furnace, coke structure, and relationships

between structure and quality. Models of prediction of metallurgical coke quality parameters based on maceral composition and

properties of coals being carbonized are summarized. Early prediction models of cold coke strength and the development of

second-generation hot-strength prediction models based on parameters as coke reactivity index (CRI) and coke strength after

reaction with carbon dioxide (CSR) are assessed. The review concludes with an assessment of current coke production and coal

demand in the steelmaking industry, globally, followed by a preview of possible future alternative coking technologies.
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1. Coke for the blast furnace

Metallurgical coke is a macroporous carbon mate-

rial of high strength produced by carbonization of

coals of specific rank or of coal blends at temperatures

up to 1400 K. About 90% of the coke produced from

blends of coking coals is used to maintain the process

of iron production in the blast furnace where it has

three major roles:

1. as a fuel, it provides heat for the endothermic

requirements of chemical reactions and the melting

of slag and metal;

2. as a chemical reducing agent, it produces gases for

the reduction of iron oxides; and

3. as a permeable support, it acts as the only solid

material in the furnace that supports the iron-

bearing burden and provides a permeable matrix

necessary for slag and metal to pass down into the

hearth and for hot gases to pass upwards into the

stack.

Of these three roles, the first two can be substituted

by oil, gas, plastics, and coal. These are injected at the

tuyeres as generating energy and a carbon source.

Such a substitution brings about a reduction in coke

rates for the blast furnace (coke rate is the weight of

coke required to produce 1 t of iron). However, there

is no other satisfactory material available, which can

replace, fully or partially, metallurgical coke as a

permeable support of blast furnace charge.
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Over the last few decades, due to ironmaking trends

towards increased size and throughput of blast furnace

performance together with a simultaneous reduction in

coke rate by high levels of injection of carbon via the

tuyeres, in particular pulverized coal injection (PCI),

the role of coke as a permeable support became greater

in importance and so further improvements in coke

quality are required. In such conditions, a decrease in

coke rate produces a decrease in the thickness of the

coke layer in the stack and cohesive zone together with

an increased residence time of coke in the lower part of

the blast furnace. Coke residence times increase by

more than 30% with variations in coal rate from 100 to

200 kg t� 1 hot metal (Negro et al., 1996). This means

that coke is subjected to longer periods under mechan-

ical, thermal, and chemical stresses that further increase

coke degradation in the blast furnace.

As a result, future research is focused to improve

these critical quality parameters of coke to reach

higher productivities when higher levels of fuel injec-

tants are operative.

A realistic assessment of the likely performance of

coke in the blast furnace operating with or without

injection technology should include those properties

of coke that reflect its resistance to degradation under

the chemical and thermal environment of the blast

furnace. Such properties, providing guidelines for

coke use, relate to lump size, shape and size uni-

formity, chemical composition, mechanical strength,

and thermal and chemical stabilities. Thus, coke for

the blast furnace needs to be a successful compromise

between structure and properties. To ensure good blast

furnace performance, coke should be moderately

large, with a narrow size range, and have a high

mechanical strength in order to withstand the weak-

ening reactions with carbon dioxide and alkali, abra-

sion, and thermal shock in the blast furnace. Because

of the many unknown factors, it is not achievable to

establish universal quality indices common to all blast

furnaces, although typical specifications for metal-

lurgical coke quality are available.

Impurities present in coke affect its performance in

the blast furnace by decreasing its role as a fuel in

terms of amounts of carbon available for direct and

indirect reduction roles and also its role as a perme-

able support. Such impurities are moisture, volatile

matter, ash, sulphur, phosphorous, and alkali contents.

Their levels are kept as low as possible.

Moisture content is a direct consequence of the

coke-quenching process with some dependence on

size. High and variable moisture contents affect both

the coke rate and the balances within the blast furnace,

while high volatile matter contents cause operational

problems in the cleaning of blast furnace gas. Coke

moisture content ranges from 1 to 6 wt.% maximum

and common values are in the range 3–4 wt.%.

Of other chemical properties, sulphur and ash

(content and chemistry) are of particular importance

because as they increase, coke productivity in the

blast furnace decreases. The coke ash is a non-

productive part of coke which influences slag volume

and composition. Industrial experience indicates that a

1 wt.% increase of ash in the coke reduces metal

production by 2 or 3 wt.%. Values higher than 10

wt.% can be satisfactory but only if the ash chemistry

is acceptable.

Recent papers summarize coke quality require-

ments for some operating blast furnaces in Europe

(Leonard et al., 1996; Großpietsch et al., 2000) with

typical coke chemical properties being given in

Table 1.

The importance of coke physical properties is

linked to the need to support the ferrous burden and

to give a permeable matrix through which reducing

gases can flow and molten material can percolate in

the lower blast furnace region. These physical proper-

ties are related to its size (mean and distribution) and

its resistance to breakage and abrasion. Coke size is

mostly controlled by screening. A large mean size

with a narrow size distribution maintains adequate

permeability. Most operators consider a mean opti-

mum size to be in the range of 50–55 mm.

Empirical mechanical strength tests, commonly

used to measure resistance to size degradation, involve

Table 1

Required chemical properties of blast furnace coke (Leonard et al.,

1996)

Chemical property European range

Moisture (wt.%) 1–6

Volatile matter (wt.% db) < 1.0

Ash (wt.% db) 8–12

Sulphur (wt.% db) 0.5–0.9

Phosphorous (wt.% db) 0.02–0.06

Alkalies (wt.% db) < 0.3

db = dry-based.

M.A. Dı́ez et al. / International Journal of Coal Geology 50 (2002) 389–412390



dynamic loading either in the form of shatter tests

(ASTM D3038), where breakage occurs by impact; or

revolving drum tests such as ASTM Tumbler (ASTM

D3402), MICUM, half- and extended-MICUM, IRSID

and JIS (JIS K2151) tests, where attrition takes place

by a combination of breakage and abrasion. In Europe,

the MICUM and IRSID (ISO 556 and ISO 1881) tests,

which use the same equipment, are dominant. Details

of these tests have been reported elsewhere (Patrick

and Wilkinson, 1978; Ragan and Marsh, 1980; Loison

et al., 1989; Alvarez and Dı́ez, 2000).

Highly stabilized blast furnace coke needs a high

abrasion resistance. The range of optimum values,

however, is wide and strongly dependent upon the

characteristics and operational conditions of the blast

furnaces. As an example, typical coke size and

strength values for European blast furnaces are given

in Table 2 together with those reported for current

operation in Australian BHP Port Kembla, American

and Japanese blast furnaces.

Although coke mechanical strength indices provide

blast furnace operators with a useful assessment of

coke performance, they form only part of the overall

picture. The tests used to assess coke mechanical

strength are made at ambient temperature and hence

fail to take into account the process conditions of the

coke in the blast furnace.

The importance of high temperature properties of

coke was established by the Japanese Steel Industry

from the dissection surveys of three blast furnaces that

were quenched whilst operating (Nakamura et al.,

1977).

As a result, a combined test for measuring the coke

reactivity and post-reaction strength was introduced by

the Nippon Steel Corporation (NSC) in the 1970s. The

NSC method is described in a research report pub-

lished by The British Carbonization Research Associ-

ation (BCRA) (1980). Recently, it has been adopted as

an ASTM standard procedure (ASTM D 5341-93a)

and is currently being prepared by the International

Organization for Standardization (ISO). The method, a

major coke quality test which has achieved interna-

tional routine use by industry, measures the solution

loss reaction of coke by carbon dioxide at 1100 jC for

2 h (Coke Reactivity Index—CRI) under standardized

gas flow rate conditions together with the coke

mechanical strength after reaction with carbon dioxide

(CSR index). For a good quality coke, the CRI should

be low and the CSR index high. If the coke reacts

excessively with the oxidizing gases of the blast

furnace which contain increasing proportions of car-

bon dioxide, coke will weaken and will be degraded

into smaller particles. Excessive coke degradation

leads to permeability reduction, impaired efficiency

of blast furnaces performance, and blockage of the

tuyeres with coke residues. A high degree of correla-

tion between the two indices, CRI and CSR, derived

from the NSC method was found by various authors.

Fig. 1 shows, as an example, the relationship between

Table 2

Required physical properties of blast furnace coke in current

operation

European

rangea
Australian BHP

Port Kemblab
American

rangec
Japan

ranged

Mean size (mm) 47–70 50 50 45–60

M40 ( + 60 mm) >78–>88 85 n.a. n.a.

M10 ( + 60 mm) < 5– < 8 6.5 n.a. n.a.

I40 53–55 n.a. n.a. n.a.

I20 >77.5 n.a. n.a. n.a.

DI150/15 n.a. 84.4 n.a. 83–85

ASTM stability n.a. 63.6 60 n.a.

CSR >60 74.1 61 50–65

CRI 20–30 17.7 23 n.a.

Data taken from: aLeonard et al., 1996 (also in Großpietsch et al.,

2000);bHorrocks et al., 2000; cPoveromo, 1996; O’Donnell and

Poveromo, 2000 (data presented from AISI coke quality survey) and
dNishioka, 2000.

n.a.: not available.

Fig. 1. Relationship between CRI and CSR indices (after Menéndez

et al., 1999).
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CRI and CSR index for a series of more than 60 cokes

produced from single coals of different rank and geo-

graphical origin and from complex coal blends

(Menéndez et al., 1999). The cokes were produced at

the INCAR Experimental Coking Test Plant (Dı́ez et

al., 1991) using a coke oven of 6-t capacity in

operation until July 1999. A correlation exists between

CRI and CSR indices derived from the NSC test, but

some points show scatter, being greater for high re-

active cokes. Based on such a relationship, one param-

eter should be sufficient to classify a coke and, then,

the CSR index is commonly used in the control of

quality of blast furnace coke.

Other tests developed to evaluate the coke reac-

tivity are summarized in a recent publication (Menén-

dez et al., 1999). These authors show a correlation

between the ECE-INCAR reactivity and the CRI and

CSR indices for 33 different cokes (r2 = 0.9463 and

0.9339, respectively). The ECE-INCAR method

measures metallurgical coke reactivity and is based

on a test standardized by the United Nations Eco-

nomic Commission for Europe (UNECE) (1965). In

this test, a smaller amount of coke (7 g) with smaller

particle size (1–3 mm) in comparison to the NSC

test, which uses 200 g of coke of 19–21 mm size, is

used.

Several authors have demonstrated the relevance of

CSR in blast furnace operation to maintain perme-

ability at constant and optimum values. For instance,

it was found that when the CSR index decreases, the

gas permeability resistance or impermeability index

increases (Nakamura et al., 1977; Hatano et al., 1990;

Colleta et al., 1990). From these relationships, differ-

ent minimum values of CSR indices have been

established to ensure stable operation, i.e., CSR values

>48% and >55% for coke feed at NSC Oita and

Kimitsu blast furnaces, respectively. A CSR index

higher than 58%, needed to achieve an impermeability

index lower than 6, was established at the Taranto

works in Italy (Colleta et al., 1990). Moreover, due to

a better burden permeability, an increase in CSR of

1% in the specific CSR range 45–55% accounted for

1.5 kg t� 1 reduction in fuel rate in the NSC Hirohata

works (Hara et al., 1980). For a Port Kembla blast

furnace, an increase of 30 t day� 1 in iron output and a

fall of 0.4 kg t� 1 in fuel rate for CSR, in the ranges

52–62% and 58–73%, respectively, is also reported

by Rooney et al. (1987).

More so, the largest blast furnaces, operating with

low coke rates (high PCI levels) and high productiv-

ity, also showed the importance of high CSR indices.

Experience shows that with increasing CSR index of

coke feed to the larger blast furnaces, the injected coal

level can be increased and the low coke rates main-

tained. However, CSR indices below 60%, in most

cases, are not acceptable because of resultant higher-

pressure losses and reduced furnace permeability

(Großpietsch et al., 2000). CRI indices should be in

the range of 20–30%.

Despite the beneficial effects of a high CSR of

coke on blast furnace operation and fuel consumption,

some doubt has been raised about the validity of the

experimental conditions related to the CRI and CSR

measurements (Vogt, 2000). Some blast furnaces, for

instance, operate stably with low CSR cokes. Coke in

the blast furnace is subject to varying temperatures

and gas compositions. Gasification occurs in the

presence of many other reactions, some of them are

interactive principally the reduction of the iron ore.

However, no other test today has reached an industrial

application. Assessment of coke quality using CRI

and CSR indices, as defined by NSC, dominates in

practice.

As with other coke quality parameters, there is no

single optimum value of CSR and CRI. It may vary

between blast furnaces having different furnace char-

acteristics and operational conditions but having the

same coke rate. Coke qualities used by different

European Companies are reported in Joint European

Blast Furnace Committee papers presented at the two

last European Cokemaking–Ironmaking Conferences

(Leonard et al., 1996; Großpietsch et al., 2000).

Typical coke quality values are in Table 2 together

with those reported by non-European producers (Hor-

rocks et al., 2000; Poveromo, 1996; O’Donnell and

Poveromo, 2000; Nishioka, 2000).

An interesting aspect of the joint European Coke

Committee paper presented at the 3rd International

Cokemaking Congress is the estimation of the max-

imum attainable coke quality based on actual coking

plant data (Vander et al., 1996). For a coke with a

stabilization of a 25-m drop, the CRI and CSR

estimated values are 24% and 70%, respectively, for

a conventional coke oven of 450-mm width operating

with a coking time of 18 h. These coke quality

parameters can be achieved for coal blends develop-
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ing a maximum gas pressure of about 7 kPa. Major

limitations to obtain higher coke quality are consid-

ered to be coking pressure and the conventional

coking process itself. Analysis of operating results

by NSC in the 1970s suggested that CSR depends

about 70% on the coal or coal blend and about 30%

on coking conditions (Nakamura et al., 1977). The

importance of the coal blend as a factor in coke

gasification has been noted by other researchers

(Bernard et al., 1985, 1986). Although coking con-

ditions, for example, bulk density, coking time, pre-

heating of the charge, and the incorporation of non-

coal materials, do minimize some deficiencies in coal

properties, the selection of an optimum coal or coal

blend is a priority for best coke.

2. Coke structure and its effects on coke properties

Over the past 30 years, an extensive literature

describing relationships between coke structure and

properties has been generated. This paper does not

review these papers but reports general guidelines.

There is a close relationship between the CSR

index and the vitrinite reflectance of coal. The CSR

index passes through a maximum in the region of

prime coking coals with mean reflectance of 1.2% to

1.3% and falls towards coals of lower or higher rank

(Nakamura et al., 1977). Fig. 2 shows the relationship

of CSR index with coal rank. As coke reactivity to

CO2 is inversely related to CSR, there are minimum

values of reactivity to CO2 in the region of prime

coking coals, increasing for cokes from lower and

higher rank coals (Hyslop, 1981; Patrick and Wilkin-

son, 1981). Such a behavior may be explained by the

relative proportion of the different structural compo-

nents within coke with strong dependence of coal

rank. However, some cokes fall outside this close

relationship (Hyslop, 1981), indicating that rank,

although being a dominant factor, is not the only

factor that influences CRI and CSR. Catalytic effects

of the coke gasification and coking conditions also

need to be considered (Fig. 3).

It is established that the rank and chemistry of the

parent coal strongly influence the optical textures of

cokes. Several studies show that the development of

anisotropy (size, shape and intensity) during carbon-

ization varies mainly with (a) coal rank; (b) petro-

graphic composition of the coals; (c) plasticity of the

parent coal; (d) carbonization conditions such as rate

of heating, soak time and gas overpressure; as well as

(e) the nature of additives used in the coal blends

(Marsh, 1982, 1992; Marsh and Clarke, 1986).

In recent years, fundamental research has demon-

strated that metallurgical coke should be considered as

a composite material whose strength and reactivity

depend on contents of isotropic carbon and inerts, the

size and shape of the anisotropic carbon units, and the

interfaces between textural components together with

porosity and ash chemistry (Marsh and Clarke, 1986).

Coke strength involves fissuring and breakage

along the boundaries of, or sometimes through, both

macroscopic and microscopic coke components, with

porosity being a dominant factor (Patrick and Walker,

1995). For cokes of comparable porosities, differences

Fig. 2. Relationship between vitrinite reflectance and coke strength

after reaction with carbon dioxide (CSR index) (Nakamura et al.,

1977).

Fig. 3. Main factors influencing the coke strength after reaction with

carbon dioxide at 1100 jC (CSR index).
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in strength and related properties are dependent upon

the constituents of pore-wall material. Marsh and

Clarke (1986) summarized the following considera-

tions about the strength of optical textural components

and the strength of binding at the interface: (a)

mosaics are interlocked with each other at the molec-

ular level to form a firmly bonded interface; (b) fissure

propagation across the randomly orientated mosaics is

not facilitated by this type of structure; (c) inert

materials in coke coming from both the parent coal

or added breeze coke may either be encapsulated if

they have smooth surfaces or may be interlocked over

rough or porous surfaces; and (d) coke microstrength

increases with coal rank to a maximum as the struc-

ture of the coke changes from isotropic, to mosaic,

and to flow-type anisotropy.

To this end, a methodology has been developed to

quantify the degree of bonding in the transition zones

between the textural components of coke and the

binding between textural components and inert mate-

rial interfaces (Barriocanal et al., 1994). Coke proper-

ties and coking behavior of single coals and blends

using petroleum coke (Menéndez et al., 1996, 1997)

and waste materials (Barriocanal et al., 1998) have

been related to extent of bonding at interfaces between

optical textural components and inert material. Con-

cerning coke reactivity, significant progress has been

made in the understanding of those factors controlling

internal bonding of cokes such as the coal rank,

amounts of inerts and ash in coal, the metal oxide

content of coke ash, and the optical textural compo-

nents of the coke. Optical microscopic observations

on non-gasified and gasified cokes established a

relative reactivity scale for the different components

in coke, inert>isotropic>fine mosaic>coarse mosaic>

flow (Fujita et al., 1983).

3. Coke quality prediction

Currently, normal practice in cokemaking demands

a coal blend that is low in cost, produces a high

quality coke, and provides a safe oven pushing

performance. Coal blending has been adopted by the

industry partially because of the limited availability

and high cost of prime coking coals and also because

of the continued demand for better quality coke for the

blast furnace. Coal blending varies in the number of

coals used (four or more), the proportion, rank, coking

properties, and geographical origin of coal compo-

nents.

Coal selection and blend composition are major

factors controlling coke properties (physical and

chemical). As aids to coal selection and coke quality

prediction, several mathematical models are available,

divided into two groups according to the coke proper-

ties involved. The first-generation group of models

focuses on the prediction of cold mechanical coke

strength (i.e., ASTM stability and MICUM indices).

The second-generation of models uses the CRI and

CSR indices as coke quality parameters. As far as can

be ascertained, no prediction model has reached

universal application. Some coals or blends show

significant deviations between values predicted by a

model and values obtained experimentally. However,

almost all coking plants have, for internal use, some

form of a model based on coal rank, rheological

properties, petrology, and ash chemistry.

3.1. Prediction models of coke strength from coal

properties

Strength is the most important physical property of

coke with considerable effort attempting correlations

with coal rank and type in terms of total inert content,

rheology as indicated by maximum fluidity, total

dilatation, and parameters deduced from petrographic

compositions of coal. Based on these considerations,

some mathematical models use petrographic compo-

sitions in the evaluation of the coal coking potential

and the prediction of coke strength. Thus, petro-

graphic analyses are assuming a major role in coal

blend assessments.

Petrographic analyses for the prediction of coking

properties have classified macerals into reactives and

inerts. The pioneering works of Stopes (1919) pro-

vided the basis for a definition of coal composition

based on the optical properties and the ‘‘maceral

concept’’ (Stopes, 1935). This represented a major

advance into understanding of how an optimum ratio

of reactive and inert components affects coal carbon-

ization properties and behavior. The term ‘‘reactives’’

includes those macerals which soften on heating and

bind ‘‘inerts’’ (those macerals that remain unaltered on

heating) and then resolidify into a porous, fused, solid

carbon material. Consequently, coke structure should
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be considered as a composite material where most of

the coke constituents came from the reactive materials

(binder) and a much lower proportion from the

material which acts as a filler (inerts) during the

carbonization process. To obtain a good coke, a

known proportion of reactive and inert material is

required and the optimum amount of each one will

vary with the type of reactive macerals. In general,

reactive macerals include vitrinite, liptinite, and one-

third of semifusinite, while inert coal constituents

during carbonization are two-thirds of semifusinite,

fusinite, macrinite, micrinite, inertodetrinite, sclerotin-

ite, and mineral matter (Ammosov et al., 1957;

Schapiro and Gray, 1960). However, such a classifi-

cation of coal reactive and inert constituents is not

equally applicable to all coals, consequently some

laboratories do not follow it in detail. In particular,

the division of the amount of semifusinite acting as

reactive or inert is controversial. An explanation for

this discrepancy is that composition and, hence,

technological behavior of some macerals may differ

from region to region because of different coalifica-

tion and depositional conditions causing, e.g., for one

coal to contain macerals that are mainly inert but

which are reactive in another coal. Thus, Benedict et

al. (1968a) considered a similar breakdown for semi-

fusinite plus other inertinite macerals of low reflec-

tance, while other authors used little semifusinite in

their reactives (Brown et al., 1964); or relatively large

and variable amounts (Steyn and Smith, 1977).

More details on the development on coal petrology

(classifications and behavior of maceral groups and

microlithotypes and its application to cokemaking)

have been published in a number of excellent reviews

(Stach et al., 1982; Bustin et al., 1985; Falcon and

Snyman, 1986; Kaegi et al., 1988). As an introduction

on coal petrology, a recent book chapter also summa-

rizes the work carried out on this area (Suárez-Ruiz,

2000).

Based on the maceral behavior during carboniza-

tion (reactive and inert), a concept that is used today

for explaining coal carbonization behavior, several

mathematical models have been developed to predict

coke strength. Each model seems to estimate with a

high degree of accuracy when they are applied to

coals which are more or less similar in petrographic

composition to the coals for which the model was

developed, and coke potential is being evaluated on

coals which might be tested under the same exper-

imental conditions used in the model.

Two models were developed in USA based on

petrographic data for the prediction of coke strength

and the formulation of coking blends, one developed

by United States Steel and the other by Bethlehem

Steel. A detailed history of the development of the

two models has been recently reported (Dutcher and

Crelling, 2000; Spackman, 2000; Thompson, 2000).

The US Steel model for ASTM coke stability was

firstly designed by Schapiro et al. (1961) and based on

the earlier Russian work of Ammosov et al. (1957).

The model of Ammosov et al. (1957) relates to coke

prepared in commercial coke oven batteries and

predicts coke strength from the petrographic data of

the parent coals. Schapiro et al. (1961) modified this

model and applied it to coals used by US Steel for the

prediction of the ASTM stability factor. Schapiro and

Gray (1964), and later Harrison et al. (1964) and

Moses (1976), further developed the models. The

US Steel model is the basis for predicting coke quality

from specific coals. The reactive coal components

include all vitrinite and liptinite and one-third of the

semifusinite, while the inerts include the remaining

two-thirds of the semifusinite, together with the

remaining inertinite and mineral matter. This model

requires data from the maceral and reflectance analy-

ses in which the reflectance of all the reactive and

semi-inert macerals are measured, as well as the

calculation of mineral matter of coal (MM) by the

Parr formula (MM=1.08 Ash + 0.55 Spyritic (Loison et

al., 1989, p. 29)). Reactive macerals are further sub-

divided into 21 ranges of 0.1% reflectance (vitrinoid

type, V-type). From petrographic data and coke

strength values, different curves can be plotted: (a)

the optimum ratio of reactives to inerts (R/I) for each

vitrinoid type; (b) the variation of the strength index

(SI) with the quantity of inerts for various vitrinoid

types; and (c) the variation of the strength index with

the composition balance index (CBI) for various

stability factors. For each vitrinoid type (V-type),

there is an optimum ratio of reactive to inert compo-

nents that influences maximum coke strength (opti-

mum inert ratio). This optimum inert ratio was

established by physically isolating each of the macer-

als and determining, by means of micro-coking tests,

what ratio gave the maximum strength value. With

higher or lower proportions of inerts than the opti-
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mum, the coke strength decreases. The other indices

defined by these authors are: a composition balance

index (CBI) and a strength index (SI), the latter also

being referred to as a rank index. CBI is the ratio of

inert components in coal to the optimum ratio of

reactive to inert that a coal of a given rank should

have. When for a given coal the optimum CBI is equal

to 1, the best coke is obtained. The strength index (SI)

can be evaluated to determine the relative coke

strength made from coals of different ranks and types.

Thus, it is possible to predict ASTM stability factors

from CBI (as a caking property parameter) and SI (as

a rank parameter).

An advantage claimed for this model is that both

indices, CBI and SI, are additive and it should be

possible to use petrographic assessments without pilot

coke oven tests. The US Steel model gave fully

satisfactory results for the low semifusinite Appala-

chian coals and blends for which the system was

developed. However, this model is based on correla-

tions of test-coke data with the petrographic compo-

sition of the coals being carbonized, keeping the test

conditions constant. The restrictions of this model are

limited to a < 2 wt.% of moisture content of coal, ash

content no higher than 12 wt.%, tested coals crushed

to 80 wt.% minus 1/8 in. in size, the bulk charge

density of approximately 55 lbs/ft3, and a coking rate

of 1 in. per h (note: 1 in. = 2.54 cm).

Various coke prediction models, in general, follow

the same approach of Schapiro et al. (1961). The

Bethlehem Steel model, first reported by Benedict et

al. (1968a) and later by Thompson and Benedict

(1976), was developed to accommodate the Eastern

Kentucky coals used in coal blends of this company.

Similarities are related to the use of a one-third–two-

thirds breakdown of semifusinite and other semi-

inerts, and the use of maximum reflectance as the

parameter of rank determination. Differences with

Schapiro et al. (1961) are mainly concerned with the

carbonization behavior of that part of the vitrinite

maceral group that remains unaltered in the coke. They

called this material pseudovitrinite (Benedict et al.,

1968b). The inertness of pseudovitrinite is determined

by: (a) separate measurements of the maximum reflec-

tance on pseudovitrinite (RmaxPsv) and normal vitrinite

(Rmax); (b) the reflectance spread (RmaxPsv�Rmax);

and (c) estimation of the pseudovitrinite amount that

should be included in the effective inert content. The

remaining pseudovitrinite is considered to be a reactive

component. The ASTM stability factor can be esti-

mated from the effective inert content and the normal

vitrinite reflectance.

This petrographic model has been adapted to select

coals not having excessive coking pressures (Benedict

and Thompson,1976). Some low-volatile coals, espe-

cially those with vitrinite reflectance >1.65% and of

low inert content, produce excessively dangerous

pressures during carbonization (Tucker and Everitt,

1992). In normal industrial practice, these low-volatile

coals are never coked singly and are normally used as

a 25–30 wt.% component in coal blends. The authors

showed that both, vitrinite reflectance and maceral

composition of coal, could be related to excessive

pressures during carbonization. Coking pressure var-

ied directly with reflectance and inversely with effec-

tive inert content of low-volatile coals. The model

allows a classification of coals as safe, marginal and

non-safe coals.

The coke strength prediction model of Brown et al.

(1964) differs from those already described in the

subdivision of semifusinite. They considered that

‘‘virtually all semifusinite remains unchanged during

carbonization and the same applies to micrinite’’. The

predominant inert character of semifusinite was first

noted by Taylor (1957) who concluded, ‘‘semifusinite

may be distorted and altered in its chemical nature,

but that no appreciable amount fuses and enters the

fused coke structure’’. Taylor et al. (1967), in an inter-

laboratory study, provided evidence of the inert role of

semifusinite using a range from low volatile to high

volatile bituminous coals. They also suggested that

transitional material between vitrinite and semifusinite

became weakly plastic during heating and it should be

included in the category of vitrinite. Consequently,

they suggested that, as a rule, semifusinite with a

reflectance higher than 0.1 to 0.2 compared with the

mean reflectance of vitrinite in the same coal is inert.

Other authors argued that the inert character of the

semifusinite could be a result of the small laboratory-

scale test oven, used in the carbonization tests. In

coking conditions, the semifusinite could be much

more interactive.

Brown et al. (1964) considered two other factors

not already applied in the models previously

described. One is related to the dimensions of the

inertinite material in the coal. If the inertinites are
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relatively large, they tend to form centers of weakness

in the resulting coke and therefore have a deleterious

effect on strength. The second factor concerns the

relative association of reactive and inert materials. For

these reasons, a prediction of coke quality (shatter

index and ASTM hardness factor) using Australian

coals was undertaken in terms of the microlithotypes,

vitrite and clarite. The method can provide useful

information on coke strength to assess the potential

of a given coking coal.

On the other hand, when Cretaceous coals from

Western Canada, with a higher proportion of semi-

fusinite than Carboniferous coals were used, the

model of Schapiro et al. (1961) predicted coke

strength values lower than those measured experimen-

tally. To get satisfactory coke strength prediction

using such coals with a total semifusinite content

greater than 20%, CANMET introduced a modifica-

tion based on the assumption that semifusinite makes

a greater contribution to the reactive components

(Carr and Jorgensen, 1975). They decided that half

of the semifusinite is effectively a reactive component.

However, no evidence was found to support this

assumption. The work of Nandi and Montgomery

(1975) on the nature and thermal behavior of semi-

fusinite in such coals using a hot-stage microscope

provided useful data. They concluded that high-reflec-

tance semifusinite is a totally inert component during

carbonization (no signs of melting or softening were

observed at 450 jC), while low-reflectance semifu-

sinite was reactive, similar to vitrinite, and its melting

point being about 85 jC lower than that of the

corresponding vitrinite. The pure vitrinite was melted

at a temperature of 420 jC.
Based on these conclusions, other models devel-

oped for CANMET (Pearson and Price, 1985) intro-

duced the ‘‘cut-off’’ reflectance or reactive ‘‘cut-off’’

value (Rcut-off) that separates reactive and inert mac-

erals in a random reflectogram of all coal macerals. A

good correlation between maximum vitrinite reflec-

tance and Rcut-off for 76 coals ranging from 0.89% to

1.63% (Rmax) was found (r2 = 0.92). For a given coal,

the new parameter can be deduced from the correla-

tion between Rmax and Rcut-off.

Recently, the proportion of semifusinite as a reac-

tive component, in the range of 33–50%, has been

determined by coke microscopy. The proportion

varies from coal to coal and 50% of the reactive

semifusinite is recommended for Western Canadian

coals when coal petrography is used to predict coke

strength for blends. Another problem is to explain the

low rheological values for Western Canadian coals.

The rheological values cannot be compared to other

similar rank coals (Australian or US Carboniferous

coking coals) and, therefore, they should not be

directly used in calculations of average fluidities of

blends containing coals from many sources (Leeder et

al., 1997). High quality coke can be produced from

Canadian coals with maximum fluidities in the range

of 3–10 ddpm. These values strongly differ from the

minimum value of maximum fluidity (100–200

ddpm, see below) established in the MOF diagram

(relation between Gieseler maximum fluidity and

maximum reflectance of vitrinite for coal blending

used in Japan). On the other hand, comparing dilata-

tion values of Canadian and US coals of the same rank

and inert content, Canadian coals have a total Ruhr

dilatation of approximately three to four times lower.

The authors suggested two approaches to assist with

coal blend preparation. One is to use an ‘‘equivalent’’

maximum fluidity for blends containing low propor-

tions of Canadian coals. However, it is concluded that

the most satisfactory evaluation of the influence of

such coals in blends made with coals from other

sources is the use of pilot-scale carbonization tests.

Another prediction model is that developed by

Steyn and Smith (1977) from ISCOR in South Africa.

In this model, variable proportions of semifusinite as

reactives are considered. Many South African coals

have relatively low vitrinite contents and large

amounts of semifusinite and of micrinite. With such

coals, the coking coal blend is characterized by a

similar amount of vitrinite and semifusinite plus

micrinite. For instance, vitrinite contents are as low

as 40% and semifusinite and micrinite contents are as

high as 45%. Both semifusinite and micrinite should

have a significant role during carbonization and for

technological purposes need to be classified according

to reflectance and structure into reactive and inert

types. The authors indicated that ‘‘the classification

proposed complicates maceral analysis but elucidates

the coking behavior of low-vitrinite coals’’.

Other models to predict coke strength do not

exclusively use coal petrography and utilize the dila-

tation characteristic of coals and blends using a Ruhr

or Audibert-Arnu dilatometer. The model devised by
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Mackowsky and Simonis (1969) in Germany provides

not only a basis for prediction of the MICUM strength

and abrasion indices (M40 and M10) for cokes pro-

duced from a range of Ruhr coals and blends, but also

yields of carbonization products (coke, gas, liquid by-

products, and tar). In addition to coal composition

parameters, the model takes into account coking

conditions, that is, coal size of the charge, bulk

density, coking rate, mean oven width, and coking

time.

In this model, the MICUM M40 index (wt.% of

coke, >40 mm after 100 revolutions) is expressed as:

M40 ¼ aK þ bþ dMs

Where K is a factor including the coking conditions as

a function of the bulk density, oven width and coking

time; Ms is the particle size content of the coal; b is a

rank factor; and a and d are coefficients based on

volatile matter and a parameter named G-factor.

The G-factor is usually obtained from parameters

derived from the Ruhr dilatometer test, which is a

modification of the Audibert-Arnu dilatometer test

(the softening and resolidification temperatures and

the percentage of coal contraction and dilatation).

Although the G-factor is considered additive for coal

blends, there is a limitation for blends composed of

coals whose plastic range does not overlap sufficiently

(Gibson, 1972). Experiments on the behavior of the

different maceral groups in this dilatometer showed

that it was also possible to calculate the G-factor for a

given coal from its petrographic composition.

The prediction model for M40 and M10 indices

(wt.% of coke >40 mm and < 10 mm in size, respec-

tively, after 100 revolutions) can only be applied to a

certain range of coals characterized by volatile matter

contents between 18 and 35 wt.% daf and inert con-

tents below 20%, this being very restrictive.

A quite different approach to predict coke strength

is based on the relationship between petrographic data

(Rmax) and rheological properties (Gieseler maximum

fluidity) of the coals (MOF diagram). The fundamen-

tal concept for the blending target used is based on the

assumption that coke strength is mainly governed by

two main coal properties, i.e., the caking property and

the rank of coal. Fig. 4 shows the dominant regions

for each parameter.

The model developed by Nippon Kokan (NKK) in

Japan is described as a coal property ‘‘window

model’’, where the blending ratio is determined such

that the maximum vitrinite reflectance and maxi-

mum fluidity of the coal blend falls within an

established optimum range (‘‘window’’ or ‘‘rectan-

gle’’). If the coal blend characteristics fall inside this

window, the resulting coke will be of acceptable

quality for blast furnace use (Okuyama et al., 1970;

Miyazu, 1974; Miura, 1978). Within the framework

of this model, desirable properties of a coal blend

range of 1.2–1.3% and a Gieseler maximum fluidity

between 200 and 1000 ddpm (Fig. 5). The coal

blends must meet these specifications if the target

coke strength index of higher 92.0 (JIS DI30/15,

wt.% of 15 mm coke after 30 revolutions) is to be

obtained.

To determine the role of each coal in the blend, the

MOF diagram (Fig. 5) is divided into four quadrants.

Coals belonging to quadrants I and II provide

adequate fluidity to the blend, while coals within

quadrant IV are used to adjust the rank of the blended

coals. However, coals with both low rank and low

fluidities (in quadrant III) are used only as a source of

carbon for blending.

The ‘‘window’’ of acceptable blends defined from

the MOF diagram has been regarded as being too

restrictive by the Centre de Recherches Metallurgiques

(CRM) in Belgium. Here, blends with the optimum

characteristics described in the MOF model (falling

within the ‘‘window’’) gave excellent coke strength.

Fig. 4. Diagram showing the dominant regions of the fluidity and

the rank of coal to control coke strength (Miura, 1978; Morishita et

al., 1986).
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However, blends located outside of the optimum win-

dow also gave high quality coke indices (Poos, 1987).

For the coal blends studied, other prediction models do

not work satisfactorily. The CRM has developed a coke

strength prediction model based on three parameters:

(a) the inert content of coal, (b) the reactive caking

index, and (c) the maximum fluidity (Munnix, 1984).

The reactive caking index was defined as a function of

vitrinite reflectance. Formulae have been developed for

calculating each of these parameters for blends from the

values of the individual coals carbonized in a 300-kg

pilot oven.

Modifications to the Japanese MOF diagram were

introduced by Spanish Steel, Ensidesa (now, Acera-

lia), to accommodate coal blends used for coke

production (Sirgado and Verduras, 1978). For better

correlation of coal rank with coke strength, they

defined the mean effective reflectance of vitrinite as

the mean random reflectance of vitrinite restricted to

the range of V-steps 6 to 18 (both included).

The Coal Research Establishment in UK estab-

lished a target specification for the blending of high-

and low-volatile coals based on total dilatation and

volatile matter content (Gibson, 1972; Gibson and

Gregory, 1978). It is recognized that these two param-

eters, generally, are not sufficient in themselves. In

addition, it is necessary to consider the size distribu-

tion of the mineral matter associated with the coal and

the compatibility of blend components.

In summary, because of the fundamental publica-

tions by Ammosov et al. (1957) and Schapiro et al.

(1961), the prediction models of coke strength have

expanded considerably. Noting that coke quality

parameters are strongly dependent on coal properties,

efforts were focused on the use of petrographic and

rheological properties. With regard to the single coal

and coal blends used, one prediction model can be no

better than any other model. That is, it is satisfactory if

the model is confined to a particular coal and coal

blend. Its application to coals of different geological

histories is less successful.

3.2. Prediction models of CRI and CSR indices

In the first-generation group of models, coking coal

properties were mostly established by petrographic

and rheological properties in order to predict cold

mechanical strength of blast furnace coke. But, many

coal deposits having excellent coking ability from a

traditional point of view, do not have an acceptable

mineral composition. After introducing the parameters

CRI/CSR to assess coke quality, the role of the ash

composition has been given more consideration

because certain minerals in coke have an accelerating

or inhibiting effect on coke gasification because of

catalytic reactions. From the almost linear correlation

between CSR and CRI indices, it is deduced that the

lower the reactivity the higher the coke strength (Fig.

1). Then, catalytically accelerated coke reactivity lead

to lower CSR values even if the coking coal blend has

excellent rheological properties. Fig. 3 summarizes the

factors affecting the CSR and used in prediction

models. Taking into account the above considerations,

from the adoption of the NSC model for testing coke

quality, different approaches have been developed for

predicting the CRI and CSR indices and continue to be

a research subject of considerable interest. They can be

considered to be second-generation prediction models.

Fig. 5. Relationship between Gieseler maximum fluidity and

maximum reflectance of vitrinite for coal blending target (MOF

diagram) (Miyazu, 1974).
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On this topic, excellent reviews exist in the literature

(Goscinski et al., 1985; Goscinski and Patalsky, 1990;

Valia, 1989; Gransden et al., 1991; Edwards, 1991).

The first attempt to predict CSR from coal proper-

ties was made from the mean vitrinite reflectance and

the inert content (Miura, 1978). Following that, differ-

ent prediction models from coal properties have been

reported by several authors.

The model developed by NSC is based on the

vitrinite reflectance and the inert content of coal,

including inertinite plus two-thirds of semi-inertinite.

Similar to the approach of Schapiro et al. (1961) for

predicting ASTM stability factor, an optimum inert

content for each vitrinite reflectance is necessary to

obtain the best CSR value (Hara et al., 1980). They

suggest that as CSR is controlled at least in part by the

previous CO2 gasification, an important role may be

also expected of the ash content and composition.

Further studies on coals, prepared by ‘specific

gravity’ separations, with the same mean vitrinite

reflectance, but containing different amount of iner-

tinite and ash conclude that inertinite, especially in

coals with low reflectance, increases reactivity

towards carbon dioxide even when the coke has a

low ash content (Sakawa et al., 1982). A multi-para-

metric equation to predict reactivity towards carbon

dioxide as a function of the mean reflectance of

vitrinite, the inertinite content, and an alkali index,

including quadratic and interaction terms, has also

been reported. In this model, the rate of CO2 gas-

ification of coke is estimated as follows:

K ¼ aR2 þ bI2 þ cB2 þ dRI þ eBI þ fBRþ gR

þ hI þ iBþ j

where R, the mean reflectance of vitrinite; I, the

inertinite content; B, the alkali index; and, a– j,

numerical constants calculated from the least-squares

method.

The alkali index (Bash) defined in this model can be

expressed as:

Bash ¼ ash ðwt:%Þ½ðFe2O3 þ CaOþMgOþ Na2O

þ K2OÞ=ðSiO2 þ Al2O3Þ�

The NSC model, using a multi-parameter equation,

has been used by Taranto works in Italy. For over 50

individual coals, a correlation coefficient of 0.91 was

obtained for the relationship between the estimated

values and experimental CSR values. The latter were

determined from cokes produced from single coals

placed in a box located in an industrial coke oven. A

standard deviation of residuals of 1.7% was obtained

(Colleta et al., 1990).

The model developed by Kobe Steel predicts coke

strength after reaction (CSR) by means of the Reac-

tion Strength Index (RSI), which is determined differ-

ently than the NSC model. The model, as reported in

the review papers (Goscinski et al., 1985; Goscinski

and Patalsky, 1990; Valia 1989; Edwards, 1991), is

based on mean vitrinite reflectance (R0), Gieseler

maximum fluidity (MF) expressed as logarithm (base

10), and the ratio of principal basic (Fe2O3 +CaO+ -

K2O+Na2O) and acidic (SiO2 +Al2O3) components

in the coal ash, as follows:

RSI ¼ 70:9þ R0 þ 7:8ðlog MFÞ
þ 89½ðFe2O3 þ CaOþ Na2Oþ K2OÞ
=SiO2 þ Al2O3Þ� � 32

where CSR =RSI� 10.

A similar model for RSI prediction, later reported

by Kobe Steel (Oguri et al., 1987), differs mainly in

the basicity or alkali indices which are used. The

model takes into account previous findings which

indicate how coke reactivity is affected by: (a) textural

components in coke, which are mainly controlled by

coal rank reflected as the mean vitrinite reflectance;

(b) coke pore volume which is mainly controlled by

the development of fluidity; and (c) ash components,

especially Fe2O3 and K2O. A new basicity index

(Bash) was defined as follows (Oguri et al., 1987):

Bash ¼ ash� ðFe2O3 þ CaOþ Na2Oþ K2OÞ

However, using the new parameter, major differ-

ences between the estimated and experimental RSI

values have been obtained, in some cases, values

differing by 10 points.

The Iscor model is based on the relationship

between CSR and a parameter F (Goscinski et al.,

1985; Goscinski and Patalsky, 1990):

CSR ¼ 2:56F � 15:52

where F is defined as a function of the maximum

vitrinite reflectance (Rmax), Gieseler maximum fluid-
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ity in ddpm (MF), percentage of the inert content of

organic nature, and ash components, as follows:

F ¼ ½Rmax �MF�=½ðNa2Oþ K2OÞðCaOþMgO

þ Fe2O3Þ ðOrganic inertsÞ�

A modified basicity index (MBI) has been also

introduced by CANMET. The MBI is calculated from

coal ash chemistry and proximate analysis (Price et

al., 1988, 1992; Gransden et al., 1991):

MBI ¼ ½ð100AÞ=ð100� VMÞ� ½ðNa2Oþ K2O

þ CaOþMgOþ Fe2O3Þ=ðSiO2 þ Al2O3Þ�

where A and VM are the ash and volatile matter

contents in coal.

The MBI provides an estimation of the amount of

the basic components in the coke. A good relationship

between CSR and MBI was found, which can be

improved by considering petrographic data (mean

vitrinite reflectance) and dilatation parameters.

For 33 Cretaceous and 22 Carboniferous coals, a

correlation coefficient of 0.94 and a standard devia-

tion of 3.4 were obtained. When applied to the 33

Cretaceous coals and blends, the same correlation

coefficient was obtained, and the standard deviation

was 3.3. The model cannot be applied, however, to

oxidized (weathered) coals and it is restricted to the

coking conditions applied.

Recently, this prediction model has been modified

by BHP works in two ways: (1) by introducing the

coal dilatation temperature range as a new parameter

in the equation; and (2) by substituting the MBI by

(MBI)2. With these modifications, the CSR can be

predicted with a standard deviation of 2.72. However,

the authors indicated that caution should be taken

when applying the model to some of the coals tested

(McKenzie et al., 1998).

Based on the most significant correlation found

between CSR and the coal plastic range, (calculated as

the difference between the solidification temperature

and the softening temperature measured by Gieseler

plastometer), compared to those found for other

parameters such as maximum fluidity, total dilatation

and free-swelling index, a prediction model has been

developed at Inland Steel. The CSR prediction model,

first published in a brief paper (Valia, 1987) and later

reported in detail (Valia, 1989), introduced the range

of plasticity as a parameter reflecting rank and rheo-

logical properties of coal. The other term in the

multiparameter equation is the catalytic index (CI),

which takes account the combined effect of ash

chemistry and sulfur. The CI was defined as:

CI ¼ 9:64 alkali indexþ 14:04 sulphur content

The alkali index used is calculated as a product of

ash content and the weight percent ratio of the basic

(Fe2O3 + CaO + MgO + Na2O + K2O) and acidic

(SiO2 +Al2O3) components.

The equation used in the prediction model for

CSR, equally applied for single coals and blends, is

as follows:

CSR ¼ 28:91þ 0:63PR� CI

where PR is the plastic range in jC; and CI is a

catalytic index (defined above).

To justify the introduction of the above terms in the

equation, the following considerations apply: (a) the

increase in plastic range optimizes the extent and size

of anisotropic carbon from mesophase which, in turn,

decreases the reactivity to carbon dioxide (Valia,

1989); (b) the increase in alkalis, iron, and sulfur

may have a double effect on CSR. On one side,

creating functional groups that affect fluidity and

inhibit growth of crystallites and on the other acting

as a catalyst of gasification by carbon dioxide (Marsh

and Walker, 1979).

The application of the Inland Steel prediction

model is valid for the range of coals investigated in

the study quoted: plastic range from 34 to 117.5 jC,
catalytic index from 14.77 to 39.20, mean vitrinite

maximum reflectance from 0.65% to 1.65%, total

inerts from 3% to 30%, maximum fluidity from 2 to

>30000 ddpm, and the controlled conditions in the

pilot oven (Valia, 1989).

In an attempt to apply the model to coals with high

organic inert contents such as the Western Canadian

and some Australian coals, where it seems that these

organic inerts are not truly inerts, knowledge of

inertinite behavior must be considered.

The CSR prediction models described are aided by

the fact that CSR is additive. However, opposite views

on this matter have been reported. Some authors
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found that estimation of CSR by application of the

additivity rule is not that accurate (Chiu, 1982; Ber-

nard et al., 1986; Barsotti and Damiani, 1988; Ishi-

kawa et al., 1990), while others claimed that CSR is

an additive property (Caldeira and Da Silva, 1988;

Morishita et al., 1986; Valia, 1989).

The above prediction models are based exclusively

on different coal characteristics. Among the limita-

tions of these models, most are not valid when coal

was weathered (oxidized) during storage. Other pre-

diction models of coke strength, CRI, and CSR using

coke structure and properties (ash chemistry, porosity

parameters deduced from image analysis, optical

textural components) have been extensively reported,

as well as comparisons between quality of cokes

produced at pilot and industrial scales. The latter

constitute the third-generation of prediction models

that use statistical analyses of cokes produced in a

sole-heated oven, small pilot, and pilot coke ovens.

4. Coke production and demand

The blast furnace needs metallurgical coke and,

therefore, the demand and market for both coal and

coke will remain closely related to the steelmaking

industry. In 1999, the world equivalent crude steel

production accounted for 787 Mt with a hot metal

production of about 540 Mt (Terjung, 2000; Terjung

and Hermann, 2000; Wessiepe and Karsten, 2000).

Consequently, the hot metal to crude steel ratio was

approximately 700 kg t� 1 crude steel. The growth of

steel production is estimated for the next 15 years to be

between an optimistic 975 Mt and a pessimistic 840

Mt. Increases in production could be especially high in

the developing countries and could come from an

expansion in electric furnace processes and a growth

of hot metal production in existing blast furnaces

(Derycke and Bonte, 2000). However, although the

relative importance of electrical furnaces will increase

during the next decades, especially in emerging coun-

tries, and will influence coal/coke demand, the blast

furnace will continue to be the main process for crude

steel production in the near future.

Coke quantity is the largest of the charge materials

going into the blast furnace. In order to reduce costs

and diminish operational and environmental prob-

lems, coke has been substituted in part by other fuels

such as oil, granulated and pulverized coal (Cross,

1994), and more recently by plastic wastes (Janz and

Weiss, 1996; Imai, 1999; Asanuma et al., 2000; Ohji,

2000). Following the use of PCI technology, the ratio

coke/hot metal has changed from 1:1 (some 50 years

ago) to 250 kg of both coal and coke per ton of hot

Fig. 6. Evolution of coke production during the period 1990–1999.
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metal. To achieve this PCI rate, especially high quality

coke is needed together with advanced technologies

both in coke production and blast furnace operation

(Lüngen and Poos, 1996; Bertling, 1999; Terjung,

2000).

Demand for blast furnace coke in industrialized

countries will drop due to higher PCI rates. Data taken

from a world production review reported in the

journal, Cokemaking International (2000), shows that

coke production decreased in the early 1990s espe-

cially in Europe, North America, CIS, and Japan. This

decline was compensated by Chinese coke production

that has grown significantly from 43 Mt in 1980 to

139 Mt in 1997 (Fig. 6). From 1997, a decrease of

about 18 Mt was reported in Chinese coke production.

On a worldwide level, in 1997, there was a production

of 360 Mt coke, falling to about 324 Mt in 1999 (Fig.

7). Fig. 8 illustrates the global distribution of coke

production in 1999. Studies of the International Iron

and Steel Institute (IISI) (1997) predict a shortage of

coke by the year 2005, especially in Japan and USA

(Hofherr, 2000). However, the world demand for the

period 2000–2005 may be forecast at about 349 Mt of

coke. A decline in coke production capacity relates to

the age of installed cokemaking plants where huge

investments would be needed to built new coke plants

or renovate the old ones. The relative importance of

an international coke trade is not that high; in 1999, it

only accounted for about 5% of total coke production.

The usual situation is that the coke is produced and

consumed locally within integrated metallurgical

works and steel mills. China during the last few years

has become the biggest coke producer and exporter in

the world, exporting to the USA, Brazil, and European

countries. One of the problems of the use of imported

coke is the lack of homogeneity and many consumers

only use it as an admixing component.

Due to the double use of coal in the ironmaking

industry, the situation of coal is quite different to that

of the coke. On one side, amounts of coal for use in

the blast furnace operating with PCI are expected to

increase in the future (Trickett, 1999). No special

Fig. 7. Worldwide coke production for the period 1990–1999.

Fig. 8. Worldwide distribution of coke production on the basis of 324.4 Mt for 1999. E: estimated.
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requirements are needed for such coals and they are

readily available without problems. In general, carbon

and hydrogen contents are key parameters for PCI as

well as the absence of coking ability and a coal

chemistry quite similar to that required for coking

coals. On the other hand, coking coals are needed to

produce metallurgical coke with very strict quality

specifications. Generally speaking, coke is produced

with a yield of 75 wt.%, so to produce 340 Mt within

the 250 coking plants of the world, about 450 Mt of

coking coal are needed. Excellent coking coals are

produced in Australia, Canada, USA, and Poland.

About 60% of coal mined is used in the country of

origin and the rest is exported to Japan and Europe

(Bertling, 1999). No shortage is expected in the next

years, specially taking into account the high produc-

tivity of Australia and Canada. For the future, growth

in consumption is only expected in countries such as

China, Korea and Taiwan.

5. Coking processes of the future

On the industrial scale, present trends in coke

manufacture are to use classical multi-chamber bat-

teries with horizontal slot-like ovens and circular open-

ings in the top for charging coal into the oven,

removable doors through which the coke is discharged,

laterally arranged heating walls in the upper oven

section, regenerator heat exchangers in the lower sec-

tion, and a substructure that includes waste heat ducts.

In conventional carbonisations, about 15 to 30 t of

coal blend, crushed to 80% < 3 mm particle size, is

charged into the hot oven by gravity. The ovens are

heated to a temperature of about 1200–1300 jC
through the side-walls, which are kept at as uniform

temperature as is possible. As the coal is gradually

heated from both walls to the centre, a temperature

gradient exists which decreases as the carbonization

proceeds. This means that in the early stages of the

carbonization process, the coal layer in contact with a

side-wall is rapidly heated, while the centre of the coal

charge remains at a relatively low temperature. When

the temperature of the centre is 900 to 1000 jC, and
after a period of soaking, the coking cycle is completed.

A total period of 18–20 h is required for blast furnace

coke production, the time depending on the oven

dimensions. In the 1970, dimensions of by-product or

slot-type coke ovens were commonly of 12–16 m

length, 4–8 m height, and 400–450 mm width to

ensure a good heat transmission from the oven wall

to the centre. Very recent coke ovens in Germany have

dimensions that exceed the recognized limits in all the

three dimensions. Tables 3 and 4 summarize the state of

the art in 1970s and 1980s, respectively, for a coke

capacity of 2 Mt year� 1 (Nashan, 1987). The gradual

enlargement in chamber dimensions to near 8 m height,

16–18 m length, and 550–610 mm wide and in oven

volume 70–79 m3 reduces the number of ovens needed

for the same production. Advantages claimed for these

larger capacity ovens are: (a) low specific investment

costs; (b) low heat losses; (c) small space requirements;

and (d) improvements in environmental protection due

to the decreased number of oven chamber openings as

well as a shorter time period for charging. The Kaiser-

tuhl III coking plant in Germany, with two batteries of

60 ovens each, represents the most advanced state of

the development of the multi-chamber system incor-

porating the know-how and experience of more than

100 years. With this coking plant, inaugurated in

December 1992, producing 2 Mt of coke per year, the

development of multi-chamber systems reached the

highest technological level in the last 100 years with

successful results (Ameling et al., 1999).

Table 3

State of the art of coking plants with a capacity of 2 Mt coke per

year in the 1970s (Nashan, 1987)

Coking plant (size)

Small Medium Large

Height (m) 4.50 6.00 7.65

Length (m) 11.70 14.20 16.40

Width (mm) 450 450 435

Useful volume (m3) 22.1 36.4 52.2

Productivity coke

per oven (t)

22.1 36.4 52.2

Number of ovens 322 187 123

Total oven openings 2898 1496 984

Length of sealing

faces (km)

10.5 6.9 5.1

Number of pushed

ovens per day

430 257 171

Total opening cycles

per day

3870 2056 1368

Length of sealing faces

to be cleaned

(km day� 1)

14.0 9.5 7.2
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Noting that future steel production will still be

associated with conventional ironmaking via coke

oven/blast furnace, the development of new coking

systems is further accelerated by problems associated

with the limitations reached in multi-chamber system;

by current expenditures on pollution control being

25% and 30% of the specific investment and operat-

ing costs, respectively (Ameling et al., 1999); work

place conditions to comply with strict environmental

requirements; the maximum permissible wall pressure

in multi-chamber systems which limits the design of

coal blends; and finally the extreme age of existing

coking batteries.

Concerning the age of coke oven batteries, they

have a possible economical life of 20 to 30 years and

an environmental life of 10 to 20 years. This means

that an average service life is of about 25 years. The

battery can operate for another 15 years, reaching a

technical life of 30 to 40 years, but only with high cost

maintenance. Because of the high investment cost of a

new coke plant, the option of the extension of the

lifetime is common practice. Improvements and

developments in repair technology in the last decades

have extended the life of coke batteries and provided

optimum environmental behaviour. However, at

present more than 50% of the installed capacity for

coke manufacture is over 25 years of age (Nashan et

al., 2000a). But it has to be stressed that high quality

coke will still be required by blast furnaces in suffi-

cient quantity to ensure future iron and steel produc-

tion. As a consequence, even with the use of PCI in

blast furnaces, coke demand, in the short and medium

term, cannot be met safely. Coke supplies from tradi-

tional exporting countries like China will also decline

due to the closure of primitive and out-dated facilities.

It is not surprising, then, that at the very beginning of

the 21st century, several papers present opinions on

cokemaking technology for the 21st century. The

present status in individual countries and how to meet

future demand have been analysed in the two volumes

of the journal Cokemaking International (Blanco,

2000; Deshpande, 2000; Kiessling and Sundholm,

2000; Kovalev et al., 2000; Liu et al., 2000; Nashan

et al., 2000b; Pensa, 2000; Rudyka, 2000; Sciazko,

2000).

On the basis of the above considerations, a stage

may be reached at which coke producers will make

decisions on the modernization and repairing of

existing coking plants, on the construction of new

batteries, or to access the restricted coke market.

Starting at the end of the 20th century, the develop-

ment of 21st century technology appears to be the

reaction towards increasing future supplies. The new

cokemaking technologies address the development of

an environmentally friendly technology with high

productivity and a more flexible utilization of weakly

and non-coking coals in the blends carbonized.

Different approaches at different stages of develop-

ment consider two-product technologies, non-recov-

ery ovens, and single chamber system (SCS). They

offer an interesting alternative to conventional coke

ovens where the demand is only for coke and not for

gas and other by-products such as benzol, tar, and

ammonia. Other technologies being developed keep

the conventional multi-chamber system with by-prod-

ucts recovery from coke-oven gas and waste water in

additional installations, but introduce coal pre-treat-

ment and coke post-treatment in special design instal-

lations (SCOPE 21).

5.1. The non-recovery coke oven

This new approach in cokemaking technology

resembles the early beehive ovens that carbonized

coal in horizontal layers, being of simple design,

Table 4

State of the art of coking plants with a capacity of 2 Mt coke per

year in the 1980s (Nashan, 1987)

Coking plant

Huckingen Prosper Kaiserstuhl III

Height (m) 7.85 7.10 7.63

Length (m) 17.20 15.90 18.00

Width (mm) 550 590 610

Useful volume (m3) 70.0 62.3 78.9

Productivity coke

per oven (t)

43.0 39.8 48.7

Number of ovens 120 142 120

Total oven openings 1080 1278 1080

Length of sealing

faces (km)

6.0 6.2 5.5

Number of pushed

ovens per day

128 138 115

Total opening cycles

per day

1152 1242 1035

Length of sealing faces

to be cleaned

(km day� 1)

5.6 6.0 5.3

M.A. Dı́ez et al. / International Journal of Coal Geology 50 (2002) 389–412 405



and operation. In the Jewell–Thompson non-recovery

ovens, the volatile products produced during coal

carbonization are not recovered. The evolved gas,

including benzol and tar, is burnt directly in the oven

space above the coal, thus generating the heat needed

for the process. The mixture of crude and waste gases

is led through vertical ducts in the side-walls to the

heating flue system under the oven sole. There the

combustion is completed by the staged supply of air

so that the coal layer is evenly heated from the top and

bottom. The hot waste gas is cooled in waste heat

boilers to raise steam, which can either be fed into the

steam grid or used for generating electricity. As an

estimation, about 75–95 MW electric power can be

generated for a coke production of 1 Mt year� 1,

depending on the volatile matter content of the coal

and the composition of the coal blend charged. The

exploitation of the waste gas is a major improvement

over old beehive ovens of the 19th century (Ellis and

Schuett, 1999; Walker, 1999; Westbrook and Schuett,

2000). The dimensions of the non-recovery ovens are

about 13.5 m long, 4.6 m wide, and 2.4 m high at the

crown of the arch, the thick coal layer being of

approximately 1 m. The coal charged into the oven

accounts weighs about 36 to 41.5 t (Ellis and Schuett,

1999) with a coking time of 48 h. Depending of the

volatile matter of the blend carbonized, the charge

weight, coke yield, and coking time will vary.

In USA, the Sun Coke non-recovery or heat

recovery technology was first developed at the Jewell

coke plant in Vansant, Virginia, producing 635,000 t

of coke. Recently, the first high capacity plant (Indi-

ana Harbor Coke facility) with four batteries of 67

heat-recovery ovens each, representing the advanced

developed of the Jewell–Thompson non-recovery

ovens, has been put into operation at Inland Steel

Chicago. It was designed to produce about 1.2 Mt of

screened coke per year and 94 MW of power gen-

eration. Fig. 9 displays a schematic diagram of this

plant. Technical details are reported after 1 year (Ellis

and Schuett, 1999) and 2 years (Westbrook and

Schuett, 2000) of operation. This technology has

emerged as a virtually clean technology. As the ovens

operate under suction, no emissions during the coking

process and wastes derived from by-products facilities

are generated.

On the other hand, lateral coking pressure of a coal

blend is much less important than in conventional coke

ovens. This means that the use of coals or coal blends,

which develop a higher coking pressure, is not a

limitation and they can be carbonized without any

danger for the non-recovery ovens. From 1998, differ-

ent coal blends containing from three to six coals have

been used at Indiana Harbor facility. Two types of coal

blends were used, a relatively high-volatile blend of

28.6 wt.% dry basis and a low-volatile blend of 24.5

wt.% dry basis. As regards coke quality, CSR ranged

from 67% to 72% and stability from 60% to 64%.

With this new technology, prediction models have

been also developed for such coke properties, stability

Fig. 9. Schematic diagram of the non-recovery oven system.
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and CSR. The models are based on a so-called ‘‘fish-

bone’’ diagram, which includes the factors affecting

coke quality grouped in different categories and sub-

categories.

5.2. Single chamber system (SCS)

In September 1987, during the first International

Cokemaking Congress held in Essen, Germany, the

single chamber or coking reactor system with two

basic proposals for the design of the so-called Jumbo

Coking Reactor—JCR (with underneath- and side-ar-

ranged regenerators) was presented (Nashan, 1987).

To explore the possibilities of the JCR as a new

cokemaking technology for the 21st Century, the Eu-

ropean Community accepted a European project in

1990. For the EUREKA project development, the

European Cokemaking Technology Centre (ECTC)

was created with the leadership of the German coking

industry and 11 companies representing seven Euro-

pean countries.

The SCS combines coal preheating to temperatures

of 180 to 200 jC with dry coke quenching. It

abandons the multi-chamber system in favour of a

single and independent reactor and avoids the recov-

ery of by-products from coke-oven gas, producing

only two products—coke and hydrogen gas-rich prod-

uct (Nashan, 1987, 1990, 1992). The recovered crude

gas can be used as traditional energy source in steel

mills, for steam and electric power generation, or as a

reducing gas in iron ore reduction process (Ameling et

al., 1999; Nashan et al., 2000c). Fig. 10 shows the

concept of the SCS technology. In the 1990s, different

stages of the construction and progress of the demon-

stration plant built in Prosper-Germany and results

obtained were reported (Bertling and Rohde, 1994,

1995, 1996, 1997; Ameling et al., 1999; Baer, 2000;

Nashan et al., 2000a, 2000c).

The single coking reactor built in 1992 and oper-

ated by ECTC, having dimensions of 10 m high, 10 m

long, and 0.85 m wide, was charged with preheated

coal and produce about 50 t coke per charging cycle.

During the trial period, evaluations of coking con-

ditions (bulk density, coking rate and time, and final

coke temperature), emission control, coal blend char-

acteristics (volatile matter content between 25 and 31

wt.%), and coke quality in terms of CRI and CSR

parameters were made. As regards to coking pressure,

the SCS is able to withstand high generated coking

pressures due to the rigidity of the heating wall (>300

vs. 100 mbar in conventional multi-chamber system)

(Nashan et al., 2000a, 2000c). Using high-volatile

coals, the coke obtained was less porous as a result

of the preheated coal charges, less reactive, and highly

resistant to mechanical stresses (Bertling and Rohde,

1994). For comparison purposes with the SCS tech-

nology, the coal blends were also carbonized in multi-

chamber system and the coke quality evaluated.

Results using single coals, two- and four-component

blends with amounts ranging from 30% to 80% of

Fig. 10. Schematic diagram of the single chamber system (SCS).
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poor-coking coals and 10% to 50% of non-coking

coals (Bertling and Rohde, 1996) and multi-compo-

nent blends, at the final stage of demonstration,

showed the flexibility of the SCS in the use of a great

proportion of cheaper poor- and non-coking coals in

the blends and the improvement in coke quality, in

particular the CSR values (Nashan et al., 2000a).

At present, the SCS, initially known as the Jumbo

Coking Reactor, is proposed to be ready for an

industrial scale application. A new stimulus from the

cokemaking industry, at the beginning of the 21st

century, is needed.

5.3. SCOPE 21

As an alternative to conventional coking process,

the Japan Iron and Steel Federation is promoting the

development of a new system under a project called

the ‘‘Super Coke Oven for Productivity and Environ-

ment enhancement in the 21st century’’ (SCOPE 21).

It is an 8-year project started in 1994 (Nishioka, 1996;

Kubo, 1996; Sasaki et al., 1998; Nakashima, 1999;

Taketomi et al., 2000).

In this new coking design, the conventional coking

process is divided into three separated stages: the pre-

treatment of coal blend, the medium-temperature

coking process, and the upgrading of coke followed

by coke dry quenching. The initial step consists of the

separation of fine coal particles < 0.3 mm and coarse

coal particles >0.3 mm and the separated rapid heating

to near to the temperature of thermal decomposition of

coal (350–400 jC). The fine coal is agglomerated by

hot briquetting and charged into a conventional coke

oven together with the preheated coarse coal. The next

stage is a coking process at a much lower temperature

(750–850 jC) than in conventional process. The coke

is finally discharged and subjected to a further heat

treatment up to 1000 jC in the upper part of the CDQ

facility. Fig. 11 shows a schematic diagram of the

SCOPE21 process.

A bench scale test plant with 0.6 t h� 1 coal

processing capacity was built at NSC Nagoya works.

Test runs investigated the dry classification of coal,

with rapid heating and compaction of fine coal. The

results revealed that the combination of high bulk

density, rapid heating and carbonization gave an

acceptable coke quality even when using up to 50%

poor- or non-coking coals. After considering the

benefits of the new coking design in a blench scale,

a pilot plant test is planned to be performed in 2001.

5.4. Calderon coking reactor

Another cokemaking approach in development is

the Calderon Coking Reactor which is based on

continuous coking of coal in a heated tubular reactor.

The continuous process is designed as a two-step

process, including carbonization at low temperature

followed by calcination of the coke in a separate

device with complementary hot gas cleanup system.

In 1997, Bethlehem and US Steel joined with Cal-

deron Energy to further develop the process and to

check coal blends for the pilot scale plant (Strauss,

1999). The construction of a full size reactor is

Fig. 11. Schematic diagram of the SCOPE21 cokemaking system.
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underway and it is planned to test the coke in a

commercial blast furnace.

At the very beginning of the 21st century, coal will

continue to be a dual source in blast furnace technol-

ogy with pulverized coal injected at the tuyeres and

coke as a permeable support. Extensive R&D in coal

blending and coke quality will be needed to meet the

blast furnace requirements. With a short- and medium-

time horizon, a new impulse is expected for clean and

cost-effective cokemaking technologies at the actual

stage of pilot scale trials and those at a more advanced

state together with improvements in conventional

cokemaking technology.
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