r—————E——

Latest Developments of Kiittner’s Pulverized Coal

Injection Technology

In the past decades the development of pulverized coal injection technologies have
been driven by the cost optimization for blast furnace operation. Today blast furnace
operators are facing one more very important topic for their hot metal production:
{:O2 emissions. By further improvement of the injection technologies even in small
steps Kuttner's efforts in this field are significant. An optimized coal injection
system can reduce the CO_ emissions and can contribute to save expenditure for CO2
certificates which will more and more put blast furnace operation under pressure
in particular in Europe and Germany.

Kattner's long lasting strategy in the field of injection technology was and is
supporting blast furnace operators to sustainably reduce the coke rate by
maximizing the amount of injected pulverized coal for the production of hot metal. A
further increase to substitute coke by coal can be achieved by using the Oxycoal+
technology. This article compares and shows the cost effectiveness and the
decrease of CO - emissions with the help of simplified energy balances for the only
coke operation of the blast furnace, the operation using pulverized coal injection

and the operation using the Oxycoal+.
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1. Introduction

The worldwide energy requirement for the year2010
was approx. 12 billion tons oil equivalent [1]. This
corresponds to approx. 140 billion MWh/a. The
enormous energy consumption is, among other things,
due to the increasing industrialisation, as well as the
economic growth of many developing countries and
emerging countries in recent years.

The world’s energy hunger is essentially divided
between industry, business and services, households,
and traffic. Ranked directly after the chemical industry,
theiron and steelindustry has the 2nd largest industrial
energy requirement [2].

In the year 2010, approx. 1.42 billion tons of steel
were produced worldwide. This value represents a
virtual doubling of steel production from 1990 to 2010
[3]. Steel can be manufactured through various
production paths. In 2010, 69 % of steel produced was
manufactured via blast furnace plants and oxygen
steelworks, 29 % was manufactured via the electric arc
furnace manufacturing path, and just 2 % mas
manufactured via the traditional, historic Siemens-
Martin furnace. Looking back to the year 1990 the
percentage of electric arc furnaces has remained
constantand the decline of the Siemens-Martin furnace
represents a shift in favour of blast furnace hot metal
production. Assuming a mean specific energy

consumption for an integrated steel-making based on
iron ore via blast furnace and BOF steelmaking of
approx. 30 GJ/t steel [4] and steelmaking in an electric
arc furnace of approx. 15 Gl/t steel [4], an annual total
energy input of approx. 10 hillion MWh/a can be
estimated. This rough estimate shows that approx. 7%
oftheworld’sentireenergyrequirementis consumedin
the steel industry, and thus underlines the significance
of energy use in the steel industry. Since fossil energy
sources are predominantly used in the steel industry,
thus the emitted CO, quantities are also directly linked
with the steel industry. Today steel production is
approximately based 30 % onscrap and approx. 70 %on
iron ore.

If development of the specific consumption of
reducing agents in the blast furnace is considered over
the past decades, then up to 1000 kg of carbon carriers
per ton of iron were still required in 1950 [5]. Through
a wide variety of procedures for optimising the blast
furnace, a reducing agent requirement of less than 500
kg carbon carriers per ton of hot metal is achieved
today. Intermsof energy, inthe blast furnace this means
an energy use of reducing agents in the amount of
approx. 15,500 kJ per kilogram of generated pig iron.

On one hand, the research projects conducted

internationally deal with further energy optimisation of
production flows, and on the other hand with reduction

of CO -emissions in steel production. An overview of
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various activities is provided in [6]. The latest research
results were reported at the «15 International
Conference on Energy Efficiency and CO, Reduction in
the Steel Industry” (EECR Steel 2011, Diisseldorf).

Worldwide research activities can be roughly
divided into the following approaches:

e Useof“less C-containing” fuels, such ashydrogen
and natural gas, as reducing agents

e Processoptimisation to increase the efficiency of
reducing agents, e.g. through the ULCOS “Top Gas
Recycling Technology” program [7] or heat recovery
from auxiliary systems and by-products of steel
production, aswellasthe use of CCStechnology (Carbon
Capture and Storage)

e Development of a fused-salt electrolysis for
greaterindependence from fossil fuelsin the long-term.

Many of the solution approaches of the American,
European or also Japanese research platforms are
currently still on the laboratory scale or pilot scale. It
can be assumed that commercial implementation is
still another 20-30 years away.

Inthe meantime one approachthathasbeenrealised
on a commercial scale is injection of carbon carriers
viathetuyere of the blast furnace. Inthis regard injection
of oil, gas or fine pulverised coal is established
technology. Due to the low oil pricesin the 1960s heavy
oil was predominantly injected into the blast furnace.
Then due to the oil crisis in the early 1980s injection of
pulverised coals into the blast furnace prevailed [8].
Through substitution of expensive coke, on one hand
cost savings occur due to the lower-priced fuels. On the
other hand, by using “less C-containing” fuels and
through coke minimisation, the CO, balance of the blast
furnace or of the coking plant can be improved.

The pulverised coal injection technology itself as
well as its effect on CO, and cost reduction in steel
production are presented below.

2. Injection of Pulverised Coal into the Blast
Furnace.

A pulverised coal injection system with Oxycoal+
technology is presented in Fig. 1. In this process the
pulverised coal is conveyed pneumatically in the dense
phase with nitrogen as carrier gas, out of a pressurised
injection vessel, and over longer distances into a
distributor in the vicinity of the blast furnace. The
delivery rate is detected via a mass flow measurement
and adjusted via a ceramic regulating valve. In the
distributor, the pulverised coal is uniformly split over
multiple individual lines of the same length that run to
each individual tuyere. This is where the pulverised
coal is injected into the turbulence zone of the blast
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furnace through the tuyere. Iron oxide is reduced in the
blast furnace, essentially by the reduction gases CO and
H, via heterogeneous gas-solid reactions. When
injecting pulverised coal into the blast furnace, to the
extent possible all the pulverised coal must be
transferred in the flight phase. Approx. 10-20 ms are
available for this [9]. This is the time period from entry
of the pulverised coal particles into the hot gas stream
untilthe end ofthe turbulence zone (i.e. into the boundary
area of the coke bed).

pulverized puiverized
view out of Blast Fumnace
Inlo tuvere

puiverized coal
oxygen

mection rate
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Fig. 1: Pulverised coal injection system with Oxycoal+

technology

In this short period of time the following reaction
steps take place: First, the injected particles of
pulverised coal are heated up to ignition temperature.
This occurs through convective heat transfer from the
hot blast and through radiant heat transfer from the
tuyere wall, as well as through irradiation from the
turbulence zone. In this regard, first the boundary areas
ofthe injected jet of pulverised coal are heated up, since
hereablendingwiththe hotblasthasnotyettaken place,
and the outer pulverised coal particles shield the inner
pulverised coal particles against radiation. Depending
on the temperature achieved, first the residual surface
moisture of the pulverised coal is evaporated. Then the
pyrolysis of the heated pulverised coal starts, wherein
the pyrolysis gases arecom busted to CO2 and HZO dueto
the speed ofthe gas-gasreactionswith the oxygenofthe
hot blast. The reaction heats occurring through these
processes help other heat-up procedures run faster.
The oxygen that is still present in the oxygen and steam
of the hot blast, as well the combustion products CO, and
H O, are gasification agents for the semicoke (carbon
skeleton remaining after pyrolysis), which is now
gasified depending on the temperature.CO_, H .0, CO and
H areformedas reaction products, whereby CO andH,0O
disassociate depending on the temperature. Because
the injected pulverised coal is not ideally distributed in
the hot blast, but rather is present as “compact” jet, all
processes occurin parallel, as soon as the ignition of the
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first pyrolysis gases starts. Escape of the pyrolysis
gases from the coal particles transfers a pulse to the
coal particles, whereby its movement direction can
change, and overall a mixture of the injected pulverised
coalwith the hot blast occurs. However, aportion ofthe
semicoke that is formed in the coke bed of the blast
furnace is only converted here. This portion should be
as small as possible.

Injecting pulverised coal into the turbulence zone of
the blast furnace via the tuyeres requires oxygen
enrichmentin the blast depending on the proportion of
volatile matters of the coal for adjustment of the
raceway temperature (RAFT) in the turbulence zone to
the desired level. Without oxygen enrichment the
raceway temperature would collapse due to the
energies necessary for decomposition. Normally, the
entire oxygen enrichment is fed into the cold blast
upstream of the hot blast stoves. In this regard, the hot
blast quantity is reduced by the quantity whose
proportion of oxygen equals the quantity of oxygen
enrichment. Otherwise, if the hot blast quantity is
maintained, with addition of oxygen a capacityincrease
of the blast furnace would occur.

The limit for injection of pulverised coal is the
beginning of incomplete conversion of the pulverised
coal in the lower furnace. This becomes noticeable
when semicoke appears from non-converted pulverised
coal in the top gas dust and/or so-called “bird nest”
zones occur (these are fine coal deposits in the edge
zones of the dead man). If these “bird nest zones”
cannot be gasified fast enough due to the lower partial
pressure of the gasification agents here, this can cause
a fault in the gas flow through the discharge column in
the blast furnace. Excessive pressure loss that can no
longer be compensated by the cold blast blowers and a
deflection of the raceway into the edge zones of the blast
furnace above the tuyeres are the consequence. At the
same time the fluid drainage of dripping iron and slag
is disturbed.

The objective when injecting pulverised coal into
the turbulence zone of the blast furnace is to replace
asmuch “expensive” coke as possible with the “cheaper”
substitute fuel, coal, at the same overall energy
consumption of the blast furnace. Injection rates from
160-180 kg/tHM at a total fuel consumption of below
500 kg/tHM can be considered as the state of the
technology today.

3. Optimized Use of Coal as Substitute Fuel in
the Blast Furnace Process.

The OXYCOAL+technology s a further development
of the pulverised coal injection technology. With this
technology a portion of the oxygen necessary for
enrichment ofthe blastis directly injected togetherwith
the pulverised coal into the tuyeres of the blast furnace
via coaxial lances. A coaxial lance essentially consists
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of two straight pipes, one inserted and centred into the
other;the pulverised coal is conveyed through the inner
pipe with nitrogen as carrier gas and the oxygen is
conveyed in the coaxial gap between the inner pipe and
outer pipe. The important thing is that the oxygen must
only come into contact with the pulverised coalin the hot
blast stream in the tuyere (see Fig. 1).

Directly after the “cold” oxygen exits the coaxial
lance there is no spontaneous mixing of the hot blast
with the cold oxygen, because the viscosities that are
dependent on the temperature (blast: 5.36x107° Pas,
oxygen: 2.66x107° Pas) vary significantly. In this
manner the jet of pulverised coal is surrounded with an
oxygen sheath. It follows that the partial oxygen
pressure is high in the direct vicinity of the pulverised
coal particles in the boundary area of the jet of
pulverised coal that is important forignition. The result
is an accelerated conversion speed of the injected
pulverised coal. Moreover the “sheathing” of the grains
of pulverised coal with oxygen causes a lowering of the
ignition temperature of the injection coal, i.e. an
improvement of the local ignition conditions, whereby
the start time of the conversion of the pulverised coal
is shortened [10]. The conversion of injection coal
already begins within the tuyere after ignition. An
accompanying aspect is that a temperature increase in
the tuyeres can be expected.

Fig. 2 shows four photos that were taken through the
inspection glass of tuyere no. 8 of blast furnace 5 of the
Dillinger/ROGESA that Kiittner equipped with the dense
phase and Oxycoal+ technology. This inspection glass
is arranged in such a way that a view into the raceway
infrontofthe tuyere of the blast furnace is possible. The
photosonthe left side show the pulverised coal injected
into the tuyere atan injection rate of 800 kg/h (top left)
and at an injection rate of 2000 kg/h (bottom left). In
both photos a black cloud of pulverised coal that has
not yet ignited in the tuyere is easy to see. On the right
side, two photos are presented that show the same
tuyere at the same injection rate and for which in
addition 280 Nm3/h oxygen is injected with the aid of
the Oxycoal+ technology. The combustion of the volatile
components evaporating from the injection coal
directly on the tip of the lance after entry into the hot
blast stream can clearly be seen. This means that the
injected pulverised coal already ignites in the tuyere
and carbon conversion starts. Customermeasurements
and our calculations indicate that when using the
Oxycoal+technologyinthe tuyere, temperatures higher
than 2400 °C can occur [9]. In dense phase operation,
and with oxygen enrichment of the hot blast, the injected
pulverised coal does not ignite in the tuyere, but it only
combusts/gasifies in the raceway. As Fig. 2 shows in
the photos on the left, the ignition temperature of the
coal jet also in the boundary areas on the approx. 300
mm long path within the tuyere from the tip of the lance
until into the raceway is not achieved.
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Fig. 2: Influence of the Oxycoal+ technology on the conversion of the injected pulverised coal

Overall for the Oxycoal+ technology less time is
needed for carbon conversion due to the earlier onset
of ignition of the pulverised coal. Thus an additional
increase in the injection rate can be achieved with
accompanying substitution of coke through the
additionally injected pulverised coal. Experiences of
our customers and our own calculations show that
with the Oxycoal+ technology, the injection quantity
can be increased by approx. 10 % relative to the
“conventional” injection technology at conditions
which are otherwise the same.

4, Simplified Balancing of the Blast Furnace
Process for Different Operating Modes

The increased efficiency of the use of reducing
agents in blast furnace operation relative to reduction
of CO2 emissions and costs savings are illustrated
below by means of simplified energy considerations of
the blast furnace process for coke-only operation,
operation with injection of pulverised coal and
operation using the Oxycoal+ technology. For these
energy balances, a separate static blast furnace model
is used that simultaneously solves the conservation
equations for mass and energy for four different
balancing groups in and around the blast furnace foran
operating point in each case.

Fig. 3 schematically shows the four different
balancing groups of the blast furnace model, as well as
the material flows fed into and discharged from the
blast furnace. Thermodynamic data, material values
and enthalpies of reaction necessary for the blast

furnace model were taken from [11], [12] and [13]. The
modelling of the blast furnace process is based on the
following premises:

e The entire oxygen that is fed into the biast furnace
via the tuyeres will be converted to CO.

e The entire CO;and H,O inthe top gas are formed in
indirect reduction via CO and Hz. The exceptions in this
regard are the evaporated water from the burden, the
hydration water and the CO, from the carbonates.

e A “reserve zone” exists onthe “wiistite corner” [14],
[15]. The equilibrium on the “wistite corner” is only
achieved to approx. 90%. The gas temperature on the
“wiistite corner” is approx. 20 °C higher than the solid
matter temperature. The minimum temperature of the
reserve zone is determined through a thermal balance
around the upper furnace.

e The Boudouard reaction and the heterogeneous
water-gas reaction freeze at 1,000 °C.

e The homogeneous water-gas reaction freezes at
800 °C, at lower temperatures; the equilibrium is no
longer achieved.

e Sulphur distribution (% S in the slag)/[% S in the
pig iron] is approx. 50 — 100 [16]. Approximately 50
ppm goes into the top gas.

The blast furnace model defines four balance
groups (see Fig. 3). Balance group 1 includes the tuyere
and the turbulence zone of the blast furnace. In this
regard, a fictive temperature is calculated onthevolume
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surface of the balance group in the blast furnace, which
occurs if the total of the raceway is converted into

~ carbon monoxide via the tuyeres and the oxygen

supplied tothe coke. Only the gaseous reaction products
CO, H,, COS, as wellas N, occur from the balance group
from and in the lower furnace. Balance group 2
comprises the lower furnace, including the reserve
zone. This is where the direct and indirect reduction
takes place of Fe01.05 and the metalloids (MnO, MgO,
PO, TiOZ, Sio,, VZOS) as well as the de-acidification of
thecarbonates (FeCOa, MgCO,, MnCO,, CaCOg). Balance
group 3 includes the entire top furnace that is
characterised by the indirect reduction of FeZCJ3 and
Fe 0, as well as the separation of hydration water, the
expelling of annealing losses and water evaporation.
Balance group 4 includes the entire blast furnace.

The blast furnace model takes the following
equilibrium reactions and their energy influence into
account:

e Fe,0,-CO equilibrium

e Fe O — H_equilibrium
3 4 2

e FeQ — CO equilibrium

* FeO-H, equilibrium
e Boudouard equilibrium

e Heterogeneous water-gas equilibrium

e Homogeneous water-gas equilibrium

(FeZO3 is already reduced to Fc2304 at low reduction
gas contents.)

gc:::ew ] 1 I top gas

= sinter + pellets
= additives

indiract
reduktion

hot blast: P i
= hot blast (air) | | 4 .
= oxygen ' ¥ } \ " '

PCI/Oxycoal+: -H— slag
« pulverized coal . batance 2
¢ niogern e~
* oxygen

Fig. 3: Schematic representation of the blast furnace
model
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H+— pig iron

For correct comparison of the three operating
modes of the blast furnace cited above the values listed
in Table 1 are held constant for all simulation
calculations. For the simulation calculations a blast
furnace with a daily capacity of 10,000 t of pig iron is
assumed. In this regard the forming gas temperature
and the gas utilization on the furnace top have special
significance as important key indicators for the blast
furnace operator. The gas utilisation of carbon
monoxide at the furnace top is defined as quantity of
reduction gas carbon dioxide based on the total of
carbon monoxide and carbon dioxide at the top of the
furnace Neo = COZ/(CO+COZ) and describes the quality
of the productive blast furnace operation.

Gas utilisation of carbon monoxide at the top of the
furnace is determined by the ratio of direct reduction
under consumption of solid carbon via the Boudouard
reaction and indirect reduction with conversion of CO
(Hz) into CO2 (HZO) and the achieved proximity to the
equilibrium on the “wiistite corner” [14], [15]. The lines
of the “Heugabel curve” of the Bauer-Glaessner
diagram mark the equilibrium [17]. Here, each of the
proportionsofCO2 (HZO)ofthetotaIsofCOZand co (HZO
and Hz) are in equilibrium with two phases of the
oxidation stages of the iron. Direct reduction takes
place in a temperature range from forming gas
temperature to approximately 1,000 °Cin the bosh and
belly of the lower furnace. Below approx. 1000 °C the
Boudouardreaction freezes and indicates the end of the
direct reduction. At decreasing temperatures, FeO is
further directly reduced with CO (HZ) by the increase of
the CO, (HZO) until the equilibrium curve is reached. In
the temperature range of approx. 800 — 850 °C the
homogeneous water-gas equilibriumis the determining
factor for conversion of CO into co, (or H, into HZO).
Below 800 °C the reactions increasingly slow down. The
indirect reduction takes place in a temperature range
from 400—950 °Cmainly in the upper part of the furnace
[9]. The oxidation levels of the iron Fe O, and Fe O, are
already completely reduced at temperatures less than
850 °C. Small amounts of the reduction gases COand H,
which are always present are already sufficient for this.

Table 1: Values of the blast furnace simulation calculations
that are kept constant

Smelting capacity of the blast furnace 10.000 [t [ A
Quantity of ore consisting of sinter and pellets 1.571,2 kg [ tipa
Quantity of additives 10 kg / traa
Forming gas temperature 2.150 I'C

Top gas temperature 110 I"C

Pig iron temperature 1.500 “C

Slag temperature 1.510 I'C

Gas utilisation neo at the furnace top [CO,/{CO+CO;,)]|0,5

Moisture of the blast 16 lg / m*(STP)
Heat losses of the blast fumace 550 IV / toma

pmonmy om o
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For the blast furnace simulation calculations, coke
quantity, hot blast quantity, blast temperature, oxygen
enrichment in the hot blast, the quantity of injected
pulverised coal, and the quantity of the oxygen when
using the Oxycoal+ technology are varied in such a
manner that the blast furnace process for the respective
operating point of the considered blast furnace
operating mode is in equilibrium. Simultaneously,
through specification of the values from Table 1 held
constant, a comparability of all simulated operating
points is ensured. The product quality of the pig iron is
not influenced by injection of pulverised coal into the
blast furnace, as compared with coke-only operation in
the first approximation. From the material balance
perspective, in this regard only coke is replaced by the
injected pulverised coal; note that beside the volatile
matters, coke and injection coal do not have significant
material differences. In Table 2 the results of the
simulation calculation are cited for the three blast
furnace operating modes compared.

4.1  Coke-onlyOperation

Accordingly, for coke-only operation at a blast
furnace capacity of 10,000 t of pig iron per day, 490.5
kg/tHM of dry coke and a blast quantity of 1,200 m?
(STP)/tHM atablast temperature of 947 °Care required.
Overall an amount of energy consisting of thermal and
chemical energy of 14,776.2 MJ/tHM is fed intothe blast
furnace via the burden, and 1,596.6 MJ/tHM is fed into
the blast furnace via the hot blast. The simulation
calculation shows the discharged, thermal and
chemical energy quantitiesof-5,111.6 MJ/tHM inthetop
gas, -444.1 MJ/tHM in the slag and -1,294.2 MJ/tHM in
thepigiron. Thedifference ofthe supplied and discharged
energy quantities describes the energy quantity
necessary for all of the inner reaction processes that
take place in the blast furnace. For coke-only operation
overall there is an energy quantity of the inner reaction
processes of -8,945.9 MJ/tHM.

Table2: Results of the blast furnace simulation calculations
Coke-only operation Injecticn of pulversed coal Owycoal techmology
Mazs fionw bass Now Mass fow
mi ¥ ,“l
Blast furnace temp. Enargy temp E e EnEmEy
10, d mp. 4 : RETEY P-
L b= MU D | kgt gl = Mifba | kpihes * B b
Supply:
Coke 450,53 - 13 96,2 13 2823 - i3
Bisrgian:
= 14.776.2 2.930.5 876
Sinter 4 pellets 19712 - 13 13712 13 19712 - 13
Bdditives i - 13 10 13 10 - i3
Bimst furnace blast:
Biast {air] - 1200 547 - 500 1.200 - 823 1200
1.365,8 15024 14234
Suppiamentsl coggen - - - = 46,3 1.200 - 438 1200
Pubverised
Pubverized coal = - - 178,2 30 193 - 30
Transport nitrogen = - - - - 4,3 30 3.320 - 3,2 30 5391
Duwygen = = = - - 20 EE
Discharge:
Pig iron 1.000 - 1300 (-1.294.2 | 1000 1300 |-1284.2| 1000 - 1900 |-1.254.3
Siag 2433 - 1510 | -4344 | 2377 1510 | -433,9 | 2374 - 1510 | -4325%
Top gas - 1726 118 | -31946| - 15213 110 |-3.4%9.7 - 14733 110 |-3.183.6
Heat losses - 5 - -330 - 350 - - - - 330
Biast furmace process - - - |-gs4ms -8.893,3 - - - |-8310,3
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4.2  InjectionofPulverised Coal

With injection of pulverised coalinto the raceway of
the blast furnace via the tuyeres, now a portion of the
coke in the burden is replaced by injection coal. Now
296.2 kg/tHM of coke is supplied via the burden and
178.2 kg/tHM injected pulverised coal is supplied via
the tuyeres. In addition 4.5 m® (STP)/tHM nitrogen as
transport gas is injected into the blast furnace via the
tuyeres. The supplemental fuel through the tuyere
requires oxygen enrichmentinthe blastof46.3m?(STP)/
tHM to maintain the raceway temperature. In this case,
merely increasing the blast temperature to 1,200 °C,
does not suffice. The required blast quantity is 900 m?
(STP)/tHM. Thus overall the tangible and chemical
energy cited in Table 2 is supplied to and discharged
from the blast furnace.

An increase of the hot blast temperature can only
occur up to the capacity limit of the hot blast stoves. At
a higher blast temperature, more energy is fed into the
blastfurnace. Thiscausesa higher raceway temperature.
If this higher raceway temperature still does not suffice,
an enrichment of the blast with oxygen is required. Due
to the higher oxygen content of the blast, more coke is
combusted and a boost in the smelting capacity is
achieved. If an increase in smelting capacity should
not occurs, the blast quantity enriched with oxygen per
tHM is taken back.

4.3 The Oxycoal+ Technology

With use of the Oxycoal+ technology the substitution
of cokethrough pulverised coal canbe furtherincreased.
Operational experience of our customers shows that by
using the Oxycoal+ technology the pulverised coal
injection rate can be increased by approx. 10 %. This is
also substantiated by our own calculations with a
physical model especially developed for this purpose,
which describes and also simulates the procedures for
blowing pulverised coal into the tuyere and raceway of
the blast furnace when using the Oxycoal+ technology,
and with the aid of numeric flow simulations. The effect
of an increased injection rate using the Oxycoal+
technology on the efficiency increase of the reduction
agents used in the blast furnace for reducing costs and
CO, is illustrated in this article. Consequently, an
approximately 10 % increase in the pulverised coal
injection rate is assumed. In this regard 282.5 kg/tHM
of coke are charged with the burden and 195 kg/tHM of
pulverised coal are injected through the tuyeres. In
addition5.2 m? (STP)/tHM nitrogen as transport gas and
20 m® (STP)/tHM oxygen are injected into the blast
furnace via the tuyeres. The hot blast must be enriched
with 43.8 m?® (STP)/tHM oxygen. The higher oxygen
supply of 63.8 m3(STP)/tHM as compared with 46.3 m?
(STP)/tHM is based on maintaining of the mathematical
raceway temperature of 2,150 °C at the increased rate
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of pulverised coal injection. The blast quantity is 823 m?
(STP)/tHM at a blast temperature of 1200 °C. Thus,
overall the thermal and chemical energy cited in Table
2 aresupplied to and discharged from the blast furnace.

5.Summary and Conclusions

To present the increased efficiency of reducing agent
use, blast furnace operating modes injection of
pulverised coal and use of the Oxycoal+technology, are
compared with coke-only operation. To evaluate the
efficiency of reducing agent use, at this point the carbon
dioxide emissions and the costs are considered.

Reduction of coke use in the blast furnace results in
a reduction of the carbon dioxide emissions mainly in
the coking plant, because less coke must be produced.
Approx. 1.3 t of coking coal must be processed foreach
tone of coke. To quantify the CO, savings a carbon
balance is created around the blast furnace and the
coking plant in which the entire quantity of carbon
carriers required for production of the specified quantity
of pig iron is converted to CO2. In this process the fact
that a portion of the CO, emissions result from the
combustion of coke oven gas and blast furnace gas that
accrue in the production of the specified quantity of pig
iron in the considered balance space, but are used
outside of the balance space is not considered (see
[18]). For calculation of the CO, savings the changed
requirement of electrical energy for the additional
oxygen enrichment and the reduced blast compaction
were not taken into account.

The essential cost reducing lever is substitution of
coke with injected coal, as compared with coke- only
operation of the blast furnace. The reason for this is the
significant price difference between coke and coal,
delivered to the blast furnace. It must be considered that
the cost situation differs for each blast furnace plant
and depends on the economic situation. At this point a
sample calculation is provided with the costs for coke
of 350 £/t, forinjection coal of 170 €/t, for oxygen of 40
€/1000m?* (STP), for blast heating of 9 €/GJ and for blast
compaction of 6 €/1000 m? (STP) as well as a top gas
credit of 6 €/GJ, taken from [19]. A basic credit of 8 €/
tis assessed for the saved COz. Current credits for CO2
certificates are provided in [20].




Table 3:Efficiency increase of the reducing agent use 1 year is assessed at 350 work days)

Blast furnace Coke-only operation Injection of pulverised coal
10,000 tum/d versus versus
injection of pulverised coal Oxycoal+ technology

Increase of the injection rate

178.2 kg/tum ( = 623,700 t/a)

16.8 kg/tuw (= 58,800 t/a)

Coke savings

194.3 kg/tam ( = 680,050 t/a)

13.7 kg/tum (= 47,900 t/a)

CO; emissions reduction
(Mainly in the coking plant)

385.88 kg/tum (= 1,350,580 t/a)

14.37 kg/tim ( = 50,295 t/a)

Increased oxygen consumption

46.3 m? (STP)/tim
(= 162.05 x 10° m? (STP)/a)

17.5m? (STP)/ tum
(61.25 x 10°m?* (STP)/a)

Energy savings — hot blast

-32.8 MJ/tum ( =-114,800 GJ/a)

179,0 MJ/tum ( = 626,500 GJ/a)

Quantity reduction — hot blast

300 m? (STP)/tem
{ =1.05 x 10° m? (STP)/a)

77,0 m? (STP)/tim
(= 269.5 x 10° m* (STP)/a)

Energy gain —top gas

88.1 MJ/tia ( = 308,350 GJ/a)

-55.1 MJ/tum ( =-192,850 Gl/a)

Cost savings

40.08844 €/ tum
(=140,309,540 €/a )

3.01236 €/ tam
(=10,543,260 €/a )

In Table 3 the results of the efficiency increase of the
reducing agent use on the blast furnace are cited. In the
first column, coke-only operation of the blast furnace
is compared with blast furnace operation based on
pulverised coal injection. In this regard it is evident that
the coke savings are higher than the injection rate
increase. The reasons for this are: In addition to coke
savings through the injected pulverised coal, an
increase in thermal energy is introduced through the
higher blast temperature in the blast furnace, which
partially replaces the combustion of the so-called
heating coke for the generation of the process energy.
The raceway temperature also increases with the hot
blast temperature. Based on the above, in the second
column blast furnace operation with injection of
pulverised coal is compared with blast furnace
operation using the Oxycoal+ technology.

The results of the sample calculationin Table 3 show
that through installation of a pulverised coal injection
system for a 10,000 tHM/d blast furnace, a significant
reduction of CO, emissions 0f385.88kg/tHM or 17 % of
the total CO, emissions of blast furnace and coking
plant, as well as a significant cost reduction of 40.09 €/
tHM can be achieved. Then in accordance with the
example in Table 3, if the existing pulverised coal
injection system is equipped with the Oxycoal+
technology, the efficiency of reducing agent use can be
further increased. In this case there is an additional
reduction of CO_ emissions of 14.37 kg/tHM or approx.
0.8 % of the total co, emissions of blast furnace and
coking plant, as well as additional cost savings of 3.01
€/tHM. At this point express reference is again made to
the sample character of the above economic
consideration. In particular, the 175 €/t price difference
[15] between coke and injected coal appears to be quite
high. But even if the price difference of coke and

pulverised coal is halved to 87.50 €/t, there is still a
considerable cost reduction of 23.09 €/tHM thatcan be
calculated for installation of a pulverised coal injection
system and an additional cost reduction of 1.81 €/tHM
when using the Oxycoal+ technology.

In Table 3 only the essential influence parameters
are generalised. Each iron and steel plant has different
boundary conditions that influence profitability.
However, Table 3 does show general tendencies.
Moreover, the experience of the last 25 years and 80
plants already installed shows that injection of
pulverised coal into the blast furnace and the Oxycoal+
technology can be procedures that are economical as
well as profitable from the aspect of reducing co,
emissions.

A consistent further development of the injection
technology based on a further CO, emissions reduction
is the injection of substitute reducing agents from
renewable raw materials. The use of renewable
substitute fuels is countered by the availability of
sufficient quantities, the low calorific value, and the
possible burden of contaminants. The question of
whether use of renewable substitute fuelsisecologically
and economically worthwhile is currently being
investigated in a self- financed R&D project.

Acknowledgement:
The authors thank ROGESA Roheisengesellschaft Saar
mbH for the kind provision of the individual photos of

Fig. 2.

[1] http://www.bp.com/ “BP Statistical Review of World
Energy”,2010

[2] http://de.statista.com/ “Energieverbrauch
bestimmter Produkte in der Industrie”, 2012

SEAISI Quarterly Journal 2016 Vol 45 No. 4




[3] World Steel Statistical Yearbook 2011, 2011

[4] K. Kaikan, 1ISI Climate Change Initiatives, 4th
meeting of the DCTF (Data Collection Task Force),
Tokyo, Japan, 2008

[5] P. Dahlmann, G. Endemann, H.J. Kerkhoff, H.B.
Lingen, Wege zur Effizienzsteigerung in der
Stahlindustrie, Stahlinstitut VDEh,
Wirtschaftsvereiningung Stahl, 2010

[6]T.Smith, Energy efficicencyand CO2 reductioninthe
steel industry
Steel times international, pp. 16-20, 2011

[7] Danloy, G.; Berthelement, A.; Grant, M.; Borlee, J.; Sert,
D.;vanderStel, J.;Jak, H.; Dimastromatteo, V.; Hallin, M.;
Eklund, N.; Sundgvist, L.; Skéld, B.-E.; Lin, R.; Feiterna, A.;
Korthas, B.; Miller, F.; Feilmayr, C.; Habermann, A.:
ULCOS — pilot testing of low CO2 blast furnace process
at the experimental BF in Lulea. 106, 1-8Rev. Met.-CIT
106, 1-8, 2009

[8] H.W. Kreutzer, H.B. Lingen, F. Meifner, Stahl und
Eisen 106, Nr. 18, $.43-55, 1986

[9] R. Schott, H.-K. Schott, C. Malek, Effizienzsteigerung
des Hochofenbetriebs durch den Einsatz der

Kattner  Oxycoal-Technik, Vortrag bei der
Jubildumssitzung des VDI-GVC Fachausschusses
,Hochtemperaturtechnik”, Dusseldorf, Februar 2008

[10] M. Joksch, Dissertation, RWTH Aachen, 1993

[11] FDBR-Handbuch Warme- und Strémungstechnik,
Fachverband Dampfkessel- Behalter- und
Rohrleitungsbau e.V., 1975

[12]1. Barin, O. Knacke, Thermochemical properties of
inorganic substances, Springer-Verlag, Verlag
Stahleisen, 1973

[13]HUTTE TASCHENBUCH FUR EISENHUTTENLEUTE, 5.
Auflage, Akademischer Verein Hitte e.V., Berlin, 1961

[14] E. Schirmann, D. Biilter, Archiv fur das
Eisenhiittenwesen 6, S. 475-486, 1964

[15] E. Schiirmann, D. Biilter, Stahl und Eisen 81, Nr. 24,
S. 1565-1574, 1961

[16] T. Rosenqvist, PRINCIPLES OF EXTRACTIVE
METALLURGY, Second Edition, McGRAW-HILL BOOK
COMPANY, 1983

SEAISI Quarterly Journal 2016 Vol 45 No. 4

[17]H.W. Gudenau, Eisenhiittenmannische
Verfahrenstechnik — Vom Erz zum Stahl -
Materialsammlung zum Praktikum, Ill. Auflage,, Institut
flir Eisenhittenkunde, RWTH Aachen, 1985

[18] R. Petela, W. Hutny, J.T. Price, Advances in
Environmental Research 6, S. 157-170, 2002

[19] P. Schmdle, M. Peters, Injection of auxiliary
reducing agents into the blast furnace — Effects on
metallurgy and costs, INTERNATIONAL STE,
TECHNOLOGIES SYMPOSIUM, Taiwan, 2008

[20] http://www.co2-handel.de/



