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Abstract— The injection of pulverized materials in blast furnaces is a
technique that has been used in iron making for reducing costs with
reducing fuels and allows greater operational control. To be injected, the
material needs some chemical, physical and thermal characteristics for the
process. However, biomass presents as an economical and
environmentally viable alternative to replace part of the coal used in this
process. One variable analyzed in the reduction process is the replacement
rate (RR), which is the amount of coke saved loading on the top of the
reactor per quantity of material injected. There are some mathematical
models for calculating the replacement rate based on properties, which are
results of studies in determined blast furnaces. This work will show some
calculations for replacement rate of biomasses using formulas from the
literature. Some results show the technical feasibility for the use of
biomass in blast furnaces.

l. INTRODUCTION

The earliest records of using iron ore for extraction
metallic iron and produced weapons and other utensils
date from years before Christ and even today it continues
to be evolved to obtain iron and consequently steel.
According to RICKETTS (2000), liquid iron was
accidentally noticed when iron ore placed in a fire, with
reducing fuels, and eventually melted. It was found that
the ore together with a fuel, when heated, would melt and
could be molded to produce weapons, tools and other
utensils. The earliest historical documents showing human
work with cast iron date from 1500 BC, written by the
Egyptians. Only in the middle ages, there were a
considerable production, due to the great demand for
swords, shields and armor. From the second half of the
nineteenth century investments made in steel and blast
furnaces, which could produce 180 tons per day, began to
appear. From 1940, steel industry starts to grew driven by
increased demand for steel and new techniques and studies
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have being developing until today when some blast
furnace can produce around 10,000 tons of hot metal per
day.

The Blast Furnace is a counter-current metallurgical
reactor where solid raw materials is charged in the top and
reduced by rising gases came from the lower part. Blast
furnaces with these concepts began to appear in the
fourteenth century in France, Belgium and Germany. From
then, reactors evolved to gain productivity and decrease
the energy required for hot metal produces. Today, most of
the hot metal produced in the world comes from blast
furnaces. The large increase in productivity of these
metallurgical reactors can be attributed to the fact that the
continuous developments occurred mainly after 1970.

Blast furnace pulverized materials injection process is a
consolidated technique that has been used in steel mills
since the third part of the last century and is known
worldwide, being applied in more than 500 blast furnaces
around the world. In this process, the fuel is injected into
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the blast furnace by the tuyers, which is located in the
lower part of the reactor, providing energy and reducing
gases for the process of obtaining hot metal that is the
basic raw material for the production of steel. The main
advantage of this process is reducing the amount of solid
fuel charged in the top of the furnace as coke and charcoal.
The most commonly used fuel in the injection process is
coal, which is a non-renewable fossil fuel. In addition, coal
is responsible for almost all CO; emitted in the atmosphere
by steel production and it is restricted to some countries
that does not have quality reserves. Various materials such
as plastics, tires and biomasses have already been tested,
but, for some authors, it is necessary to have high injection
rates (from 150 to 200 kg / t of hot metal) to have the
maximum benefits that this technique can provide. Waste
has been an alternative route, most often for the cost and
environmental issues involved while industries are looking
for more sustainable ways of producing and generating
carbon credits.

Agribusiness waste can also become viable due to their
low cost, and often do not have an adequate route leading
to storage and disposal problems. In addition, carbon
dioxide captured during photosynthesis during cultivation
may compensate for its burning, what make these
materials neutral in CO2 emissions. In general, biomasses
have a high content of volatile materials; in natura have
high moisture content and low fixed carbon content. These
properties greatly influence the process of injecting
pulverized materials in blast furnaces, which suggests a
pretreatment of this material prior to use. In the literature,
is possible to find several heat treatments for the use of
biomass as fuel. These include gasification, pyrolysis,
torrefaction and carbonization, these treatments heats
biomass in predetermined temperatures, often without
oxygen, and thus can have a fixed carbon increase by
eliminating excess volatile materials.

An index widely used in the blast furnace operator is the
replacement rate (RR) defined as the amount of coke saved
(kg / t hot metal) for each kg of coal injected by ton of hot
metal. Summarizing, the replacement rate represents the
relationship between coke and coal consumption, which is
economically important. Some researchers developed
some methods to calculate the RR based in the chemicals
and thermals properties of the materials, most of them for
determinate blast furnace.

The rising cost of raw materials, such as coal, and the high
charges of the steel industry make steel production have a
high cost. Steel companies should look for alternatives to
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minimize spending, particularly in the area of energy,
alternative raw materials and waste disposal. This requires
a strong incentive in the area of research and development
to find the best way to increase production and
consumption in a sustainable way. In this sense, biomass,
especially agribusiness tailings, becomes a viable
alternative not only for the lower cost of these materials
compared to coal, but also for the possibility of reducing
the CO2 emission in the process and eventual carbon
credit generation.

This paper aims to review the injection of pulverized
materials in blast furnaces and the replacement rate (RR).
Here, some methods, found in the literature, to calculate
the replacement rate taking into account properties such as
calorific value, ashes, carbon content and others will be
shown. Thus, the use of these methods to calculate the
replacement rate for some biomasses, studied at the
Federal University of Ouro Preto and that they can be used
in the PCI, will be presented. It will be notice that the
replacement rates found are lower than that of commonly
used coals, but biomass may be feasible depending on
their cost for mills.

1. REVIEW
2.1 Pulverized Coal Injection

Pulverized Coal Injection (PCI), has been very important
for the steel sector survival because of the productivity and
less cost with reduction raw materials, associated with the
possibility of enriching the air with oxygen, producing
more with low consumption of coke or charcoal (Oliveira,
2007). However,, the greatest benefit of this technique is
the replacement of part of coke or charcoal loaded by the
top of the blast furnace, which has a higher cost, with a
fuel injected directly through the tuyers.

This technique had its origin documented in the 19%
century, in France and later patented in Germany. There
has been an evolution over the years, driven mainly by the
economic aspect; Figure 1 shows the evolution of the
number of blast furnaces that use injection. Over the years,
several studies also pointed out that the method had a great
influence on the reactor's behavior and productivity
(Oliveira, 2007).
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Fig.1: Evolution of the number of blast furnaces that use injection in the world.

Today the number of blast furnaces using the injection
technique is around 900 and some reach injection rates
above 200 kg / hot metal, which can generate significant
savings in coke consumption.

The injection of auxiliary fuels is one of the main thermal
control variables in blast furnaces and is used due to short
response time. Its availability is limited in the lower range
by the minimum injection rate and in the upper range by
the minimum acceptable flame temperature, that is, there
is a minimum quantity to be injected and a maximum
quantity so there is no significant decrease in the flame
temperature (Mourdo, 2011).

Classification

Pulverized
Material
Storage

Material Stock

For material being injected into the blast furnace it is
necessary pass through some processes that will adapt it
for injection in the combustion zone. First, grinding is
carried out to achieve the ideal granulometry and drying to
eliminate moisture. Then the material must be fluidized by
mixing it with a gas, air or nitrogen, and transported
pneumatically in pipes distributed by the tuyers (Assis,
2014). Figure 2 shows the preparation steps for the
injection of pulverized materials in blast furnaces.

Blast
Furnace

Gas *}—k—l—>

Fig.2: Steps for preparing materials for injection in blast furnaces (Assis, 2008).

The material is injected into the blast furnace inside the so-
called raceway where it undergoes devolatization and
burning, generating energy and gases necessary for the
process. These phenomena start from the principle of the
behavior of a particle of coal, which take place in three
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phases. First, the particle is heated, causing the degassing
and ignition of the volatiles, which happens through the
convective heat exchange with the blown air and radiant
with the combustion zone. Second, there is the burning of
volatiles, the pyrolysis that releases volatile material with
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high hydrogen content. Finally, the residue in the particle
that is practically carbon, called char, is burned. These
steps can occur in sequence or simultaneously depending
on factors such as particle size, composition, heating and
the amount of oxygen available.

The main benefits of this technique are listed below:

* Cost reduction by replacing reducer (coal and coke) with
low-cost materials, in addition to reducing energy
consumption;

* Increased productivity, due to the possibility of enriching
the air blown with oxygen together with the injected
materials;

« It can increase the useful life of the coking batteries due
to the reduced demand for coke;

* Helps in the stability of the hot metal quality and in the
control of the silicon content;

* Possibility of biomass injection, generating a reduction in
the emission of greenhouse gases (GHG).

Aspects related to the quality of the injected material also
influence the operating parameters of the blast furnace, not
only in thermal control, but in other conditions such as
permeability, load distribution and others.

2.2 Replacement Rate

The replacement rate is no more than the amount of coke
replaced by the amount of material injected. In other
words, it can be said that the replacement rate measures
the efficiency of the injection process and can be
calculated as follows (Fernandes, 2007):

RR
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where CECR is the specific consumption of reducer
charge in the top without injection (kg / t of hot metal),
CECA is the specific consumption of reducer charge in the
top with injection (kg / t of hot metal) and TIP is the
injection rate (kg/t of hot metal).

In the early 1990s Hunty et al. (1990) proved in his studies
that the replacement rate varies with the rank of coal.
Brouwer et. al. (1992) proposed the calculation of the
corrected replacement rate for the KNHS blast furnace in
Hoogovens, a Dutch steel company, which is presented as:

_ (2x%Carbon + 2,5x%Hydrogen + 0,9x%ash — %moisture — 86)

100

)
In addition to this study, Brouwer and Troxopeus (1991)
also evaluated the operational results of injection into the
Ijmuiden blast furnace, of the same company, reaching the
following ratio of the replacement rate and the properties
of the coal:

RR

_ (=1189 + 2,3%Carbon + 4,5%Hydrogen+ 0,97%Ash)

100
©)

Other authors, later, developed other formulas to predict
the corrected replacement rate for the blast furnaces in
which they studied, taking into account other factors such
as calorific value, volatile content and others. Table 1
shows some data of different coals and mixtures of coals
injected in the blast furnace of a company.

Y=CEC‘R—C‘ECA (1)
TIP
Table 1. Characterization of coals usually used for blast furnace injection (Campos, 2017)
Coal % ash % | g oo | 'MectionRate | Replacement
Volatile (Kg/t of hot metal) rate
Monopol EB 6.60 15.30 83.30 | 4.20 52.00 0.94
Achenbach 7.80 23.10 81.20 | 4.70 78.20 0.84
Lohberg 6.60 32.30 79.00 | 5.00 122.20 0.88
Monopol GFI 11.30 31.20 72.70 | 4.80 79.00 0.82
Linhito 6.40 51.30 58.30 | 5.30 97.30 0.47
Carborat 10.00 9.10 81.20 | 3.60 115.20 0.87
50% Antracito+50% Lohberg 6.90 19.10 81.80 | 4.40 140.00 0.84
Furst Leopold 6.20 33.30 77.90 | 5.20 135.00 0.73
Hew-Acken 7.50 25.20 30.60 | 4.70 128.00 0.79
50%HeW'ACkZ”FTSO%MO”OpOI 9.40 2710 | 77.50 | 4.70 141.70 0.75
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0, - 0,
70%Hew-Acken+30% Furst 7.50 26.80 | 80.80 | 4.80 109.30 0.88
Leopold
0, - 0,
30% Hew ACKE”}: 70% Monopol | ¢ 1 20.60 | 77.00 | 4.90 114.30 0.84

An important factor to be analyzed in the injection of
pulverized materials is the combustion rate. This rate is
given in percentage and represents the amount of material
that burns completely in the combustion zone of the blast
furnace. This measurement can be done experimentally in
an injection simulator or in computer simulation systems.

Generally, coal injection rates range from 100 to 180kg /
ton of hot metal and no changes are required in blast
furnace operation. However, for higher rates, some
changes in the operation are necessary, for example, the
load distribution and the enrichment of the gas with
oxygen, among other criteria that will ensure the quality of
hot metal produced.

2.3 Pulverized Biomass Injection

A variety of research has been published in which the
impact of using biomass in blast furnace injection is
assessed using approximation models. These models range
from models of simulation of nozzles - blast furnace
combustion zone, static models in one dimension, models
in three dimensions, in addition to numerical models. The
laboratory results suggest that the use of biomass in blast
furnace injection can increase the degree of reduction of
iron ore, when compared to coal (Suopajarvi, 2017).

There are several biomasses that can be used for blast
furnace injection, and many have already been studied,

—_ :
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such as sawdust, sawmill residues, agribusiness residues,
wood, charcoal, roots and others. The carbon content in
these biomasses is lower when compared to that of fossil
fuels. Oxygen revolves around 40%, which reduces the
energy contained in these materials. The fixed carbon is
low, while the content of volatile materials is high. The
amount of sulfur is also low, which is an advantage for
blast furnace production. The moisture content of biomass
is considered high and can be a problem, but drying
treatments, and even roasting and carbonization, can
mitigate this fact (Suopajérvi, 2013).

According to Wei (2017), biomass can be injected into
blast furnaces in three ways: pulverized solid, bio-oil or
biogas. The most common studies are the use of
pulverized solids, mainly fine charcoal, and the injection
of 200-225kg / ton of hot metalin large blast furnaces may
be viable.

Assis (2014) performed several combustion tests with pure
pulverized biomass and mixed with mineral coal. In its
results it was possible to notice that many biomasses have
a higher combustion rate than mineral coal. This fact was
related to the high reactivity of the biomass, as well as the
larger specific surface compared to coal, which influences
the combustion process. Figure 3 shows the results of the
combustion rate of several biomasses compared to mineral
coal.

120 140 160

Injection Rate [kg/tHM]

Fig.3: Injection simulation of some biomass in Federal University of Ouro Preto (Campos, 2018)

www.ijaers.com

Page | 129


http://www.ijaers.com/

Alex M. A. Campos et al.

Some physical and chemical properties of biomass are
essential to know for a good operation of blast furnaces,
which influences the replacement rate and injection rate.
Others characteristics that is possible to highlight is:
humidity, granulometry, fixed carbon, volatile materials,
ash content, sulfur, among others. In addition, some
advantages and disadvantages of using biomass in
conjunction with other primary fuels, is list below:

- Biomasses have a small amount of sulfur and nitrogen
compared tocoal, they reduce the emissions of gases
formed by these elements;

- CO; emissions are also reduced, as biomass can be
considered CO; neutral;

- Ash content of biomass is generally lower;

- Because it has a density generally lower, transport can be
facilitated from the silo to the tuyers;

- Biomass has lower calorific value;

- When compared to coal, biomass has a high amount of
moisture;

- Biomasses have a lower activation energy than coal;

- The use of biomass makes carbon sequestration possible
and can generate credits for the industry.

It is important to highlight that biomasses, even having
similar characteristics, can vary according to the type of
plant, form of planting, climate, soil, time of harvest,
among other variables that interfere in their composition.

1. METHODOLOGY

In the first part of this research was shown a brief review
of the literature to understand the facts related to the
injection of pulverized materials and a replacement rate, as
well as the possible uses of biomass in the production of
hot metal. After, several data were collected, mainly the
defined properties of biomass tested in the injection
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simulator of the Metallurgical Engineering department of
the Federal University of Ouro Preto, so that a replacement
rate can be considered. For the mixtures contained
biomass and coal, a weighted average was calculated.

Finally, some materials were selected and the replacement
rates were calculated using equations (2) and (3) showed
in the first part. A simple arithmetic mean was obtained by
the two equations to obtain a measure of central tendency.

The data regarding the properties, as well as the
calculation of the replacement rate and some discussions
will be shown below.

V. RESULTS AND DISCUSSIONS
4.1 Estimate Replacement Rate

The replacement rate can be determined by the amount of
coke or fuel that is no longer burdened at the top, as seen
above. However, this calculation may not be so simple, so
it is necessary to correct it for the operating conditions of
each blast furnace.

Several authors have proposed calculations for the
corrected replacement rate, each using the parameters of
the blast furnace in which they studied. In this work, the
replacement rate was calculated using the formulas of
Brouwer et. al. (1992) (2) and Brouwer and Toxopeus
(1991) (3), previously presented.

As the calculation presented was performed for KNHS
blast furnaces, an average of the results obtained using the
results of both equations.

The properties of coal, biomasses, as well as some mixture
are shown in Table 1.

Tablel. Raw Materials Properties

Raw Material %C %H %Ash | %Volatiles | %Moisture
Coal 80,24 3,80 13,45 24,13 0,20
Moringa Husk 48,84 6,53 2,36 76,60 1,47
40%Moringa Husk+60%Coal 67,68 4,89 9,01 45,12 0,71
Charcoal 69,7 3,2 7,73 25,8 0,63
Eucalyptus Husk 50,1 5,42 2,43 68,73 577
Sugarcane Bagasse 46,4 4,68 4,33 75,03 7,03
Elephant Grass 40 5,36 13,5 69,95 0,1
Rice Rusk 43,4 4,33 9,55 73,18 0,1
Corn Cob 455 6,7 1,16 81,31 0,79
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6,8 1,58 81,68 0,31

Corn Stem and Leaf 45,6

6,5 3,43 78,3 2,2

It is possible to see in the table that the mixtures have
average properties, between coal and biomass. By
increasing the content of biomass in coal, the carbon
content and moisture content increase, while the hydrogen

content, volatile materials and ash decrease. Table 2 shows
the values obtained by calculating the replacement rate
using the two formulas presented and the simple average
of the rates obtained.

Table 2. Replacement Rate Calculated.

Raw Material Replacement Rate (Equation 3) Re?ézcj;:fon; ZR)ate Repli:\tj;igg Rate
Coal 0,96 0,96 0,96
Moringa Husk 0,25 0,27 0,26
40%MoringaHusk+60%Coal 0,68 0,68 0,68
Charcoal 0,63 0,67 0,65
Eucalyptus Husk 0,23 0,18 0,21
Sugarcane Bagasse 0,13 0,08 0,11
Elephant Grass 0,10 0,19 0,15
Rice Rusk 0,10 0,20 0,15
Corn Cob 0,17 0,21 0,19
Corn Straw 0,16 0,21 0,19
Corn Stem and Leaf 0,19 0,20 0,19

The replacement rate for biomasses is usually lower than
coal, which, analyzing this point, makes its use unfeasible.
When analyzing biomasses with lower moisture content an
improvement is observed, however the great advantage is
the use of these biomasses together with coal. The use of
agriculture waste in the mixture with coal can generate an
environmental gain, with the reduction of CO emissions,
and an economic gain, by exchanging the more expensive
coal for biomass with lower added value. These factors
can compensate for the decrease in the substitution rate
when compared to pure coal.
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It is possible to notice in the graph of Figure 4 that when
the carbon content decrease, the replacement rate
decreases. As in both formulas used the carbon content has
greater value, a fall in the replacement rate is expected
when adding biomass, as it has a lower carbon content,
consequently the carbon content of the mixture will be
lower. These raw materials, biomasses, can pass away
from a pretreatment for take out the moisture and volatiles
content, what can be increase the calorific value and
consequently the replacement rate.
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Fig.4: Replacement rate x carbon content.

According to Fernandes (2007), the replacement rate does not depend on the injection rate for the same operational

condition, but changes always occur when the injection
rate is increased. This is because when the injection rate is
increased; the combustion efficiency is reduced, thus
reducing the metal reduction efficiency in the preparation
zone.

Emphasizing, these formulas were proposed for the blast
furnaces studied by the authors and may not correspond to
the replacement rate for other blast furnaces with different
operating procedures. In addition, various material
properties can influence the replacement rate, that is, a set
of factors and / or properties can act simultaneously
affecting the replacement rate. One very important point is
related to CO content of the biomass volatiles. As it is
known this CO can increase the replacement ratio. This
factor was not considered in our calculations, due to the
fact that the equations above do not consider this variable.

The calculation allowed us to have an idea of the influence
of the using biomasses in the mixture with coal in the
replacement rate, which is an important indicator for the
productivity of the blast furnace.

V. CONCLUSION

It is possible to conclude that the replacement rate is an
important variable, not only in the operation of the blast
furnace, but in the choice of raw materials to be used in
the process. It is well known that the replacement rate of
biomasses is much lower than that of commonly used coal,
but if the mixtures are analyzed, the substitution rates will
be a little higher, which would make their use feasible.
Finally, it is necessary to comment that in order to use the
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biomasses in the injection process it is necessary a pre-
treatment of grinding and heating so that they increase the
content fixed carbon what is important to the process. The
use of biomass can bring environmental and economic
gains since there is a decrease in the burning of fossil fuels
and the use of a material with low added value.

ACKNOWLEDGMENT

The authors acknowledge CAPES, CNPg, REDEMAT,
UFOP, EcoEnviroX and all that contributed for this
research.

REFERENCES

[1] OLIVEIRA, Geraldo. OLIVEIRA, Vani. CANDIDO,
Lindaura. ASSIS, Paulo. Estudo do fluxo de materiais
pulverizados em simulador de injecdo de ventaneiras de
altos-fornos através de video-fotografia. Tecnologia em
Metalurgia e Materiais, Sdo Paulo, vol.3, no. 4, p.7-15, abr.
jun. 2007.

[21 MOURAO, Marcelo B. Introducéo a siderurgia. 2.ed. S&o
Paulo: Associacdo Brasileira de Metalurgia Materiais e
Mineracéo, 2011. 428p.

[3] ASSIS, C.F.C. Caracterizagdo de carvao vegetal para a sua
injecdo em altos-fornos a carvéo vegetal de pequeno porte.
2008. 113f. Dissertacdo (Mestrado)- Programa de pos-
graduacdo em engenharia de materiais, Universidade
Federal de Ouro Preto. 2008.

[4] ASSIS, C., TENORIO, J, ASSIS, P.NATH, N.
Experimental simulation and analysis of agricultural waste
injection as an alternative fuel for blast furnace. ACS
Energy&Fuels, v.28, p. 7268-7273, 2014.

Page | 132


http://www.ijaers.com/

Alex M. A. Campos et al. International Journal of Advanced Engineering Research and Science, 8(10)-2021

[5] HUNTY, W.P. PRICE, J.T. GRANSDEN, J.F. Evolution
of coals for blast furnace injection using a computer model.
Ironmaking Conf. Proc., Pittsburgh, 1990.

[6] BROUWER, R. C.; TOXOPEUS, H. L. — Massive coal
injection at Hoogovens I1Jmuiden BFs. Revue de
Metallurgie. Cahiers d’Informations Techniques, v. 88, n.
4, April/1991.

[7] BROUWER, R. C., SCHOONE, E. E., TOXOPEUS, H. L.
Coal injection driven to the limits. Iron and Steel Engineer.
Dezembro, 1992, p. 20-25.

[8] FERNANDES, M.V. Efeito do tipo de carvao injetado nas
ventaneiras do alto-forno no consumo de combustiveis.
Dissertagdo (mestrado) — Curso de pds-graduagdo em
Engenharia Metaldrgica e de Minas, Universidade Federal
de Minas Gerais. 2007.

[9] SUOPAJARVI, H. KEMPPAINEN, A.
HAAPAKANGAS,J., FABRITIUS,T. Extensive review of
the opportunities to use biomass-based fuels in iron and
steelmaking processes. Journal of Cleaner Production,
v.148, p.709-734, 2017.

[10] WELI,, R., ZHANG, L., CANG,D,, LI, J.,, LI,X,, XU, C.C.
Current status and potential of biomass utilization in
ferrous metallurgical industry. Renewable and Sustainable
Energy Reviews, v.68, p. 511-524, 2017.

[11] CAMPOS, Alex. NOVACK, Katia. ASSIS, Paulo. Biomass
Utilization in Iron and Steelmaking Processes. 2018
AlSTech Conference Proceedings. 2018.

[12] DU, S., CHEN, W., LUCAS, J. Pretreatment of biomass by
torrefaction and carbonization for coal blend used in
pulverized coal injection. Bioresource Technology, v. 161,
p. 333-339, 2014

[13] RAMOS e PAULA, L. E. , de et al . Characterization of
Residues from Plant Biomass for Use in energy
Generation. Cerne, Lavras , v. 17,n. 2,p. 237-
246, abr./jun. 2011.

www.ijaers.com Page | 133


http://www.ijaers.com/

