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Abstract
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The injection of grinded particles of charcoal through the tuyeres in Blast Furnaces, here coined Bio-PCI, presents
as an attractive and plausible alternative to significantly reduce the CO, emissions generated during hot metal
production. In this contribution a summary of the technological fundaments, benefits and limitations of the incorporation
of Bio-PCl is presented. Additionally the principal economic challenges of renewables fuel in ironmaking are exposed,
with especial interest in the main productions costs of charcoal making. In this sense, a strategic question arises: can
the residual biomass drive the emergence of Bio-PCI?, our analysis leads to conclude that the use of residual biomass
(e.g. agricultural and forestry residues) may significantly reduce the production cost in 120-180 USD/t in comparison
to primary woods sources, this naturally increment the economical attractiveness of Bio-PCI substitution.

Bio-PCI; Charcoal; Pulverized Carbon Injection (PCI); Residual biomass.

BIO-PCI, Inyeccion de carbén vegetal en Altos Hornos: Estado del arte y
perspectivas econdmicas

Resumen

Palabras clave

1. INTRODUCTION

La inyeccién de carbén vegetal por toberas en Altos Hornos, aqui denominada Bio-PClI, se presenta como una forma
atractiva y realista de reducir significativamente las emisiones de CO, generadas durante la produccién de arrabio.
En esta contribucién se presenta un resumen de los fundamentos tecnolégicos, los beneficios y las limitaciones de la
incorporacién de la tecnologfa del Bio-PCI. Adicionalmente se exponen los retos econémicos que enfrentan los
combustibles renovables a los fésiles, con especial interés en los principales costos de produccién del carbén vegetal.
En este sentido se plantea una pregunta estratégica: ;puede la biomasa residual impulsar el desarrollo de la Bio-PCI?.
Nuestro anélisis conlleva a concluir que la utilizacién de biomasa residual (residuos forestales y agricolas) puede reducir
sensiblemente el costo del carbén vegetal entre 120-180 USD/t en comparacién con biomasa primaria, incrementando
su competitividad frente al carbén mineral.

Bio-PCI; Carbén vegetal; Inyeccién de carbén pulverizado (PCI); Biomasa residual.

etc.). In 1999 the International Iron & Steel Institute
(currently Worldsteel) made a study on the energy
use in the steel production!? the study revealed that

There is a significant pressure over the iron and steel
industry to reduce its carbon emissions. Recently it
was calculated that the steel making process consumes
20% of the total industrial global demand being also
responsible for 30% of the world’s CO, emissions!!.
As we evidence the effect of Green House Gases
(GHG) on global warming, it becomes mandatory
for metallurgists to develop rational initiatives to
minimized CO, emissions and incorporate carbon
neutral reductants into the process to substitute other
fuels from fossil sources (coke, coal, oil, natural gas,

12.2 - 12.3 GJ/t steel from the total energy need of
17.3 - 18.6 GJ/t steel are consumed in the Blast
Furnace (BF).

1.1. Bio-PCI: fundaments, benefits and
limitations

Recent technological improvements in the ironmaking
technology have resulted into a development of diverse
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means to control and minimize heat losses and optimize
fuel utilization in the BF, an example is the establishment
of the Pulverized Coal Injection (PCI) technology.
According to Schmoéle et al. the coke rate utilization
in German BFs decreased from 408 kg/t hot metal (HM)
in 1990 to 352 kg/t HM in 2008, through increased
coal injection rates from 50 to 124 kg/t HM Bl The
PCI technique basically consists in the injection of
grinded particles of carbonaceous content, the injection
is not limited to coal or charcoal, other fuels are also
been currently used in the industry, for instance oil
(e.g. ALGOMA), natural gas (e.g. SEVERSTAL
&NLMK) and tar (e.g. JFE Steel Fukuyama)l4and 51,

Charcoals produced from wood were the sole fuel
used in BF until 1735, when Darby developed the
process of cokemaking, this technological innovation
resulted into a fuel/reductant with greater mechanical
resistance and lower kinetic of reactionl®. The
introduction of coke in BF led to a major increase in
the productivity, as coke based BF could operate with
larger shafts. Since that time the ironmaking process
in BF is been associated with high rates of coke and
coal consumptions, the key driving forces for the
emergence of coke based BF were the relatively low
cost of coal, large availability and metallurgical
benefits.

Examining the metallurgical benefits of coke, it
is acknowledged that it simultaneously fulfils key tasks
in the BF operation: delivers the energy for processing
(acts as fuel), serves as a reducing agent for iron oxides
(acts as a reductant) and supports the burden (acts
as a mechanical stabilizer), to the moment of writing
this work no other fuel presents similar characteristics.
Nevertheless, cokemaking is a rather harmful process
for the environment, as in the manufacture of
1 million tons of coke about 7,000 tons of pollutants
are emitted to the atmospherel®.

Focusing on the biomass utilization in
ironmaking, it is a sustainable reductant that shows
attractive characteristics to metallurgists, principally
due to its carbon neutrality; the char gained from
wood, livestocks or forestry residues, also known as
biomass char, charcoal or biochar, is regarded as
renewable due to the carbon cycle via wood growth
(biomass generation) which is comparatively shorter
(5 to 10 years) than that of fossil coal (around
100 million years)!). For the purpose of the present
work, biochar is defined as the carbonised biomass
gained from sustainable sources, as from the
ecological viewpoint charcoal from deforestation
has a more negative environmental impact than
fossil fuels. Biochar differentiates from the general
term: charcoal, as biomass for charcoal production
can be sourced out from sustainable plantations or
native forest, according to Carneiro 31.5% of the

charcoal consumption in Brazil in 2010 use native
forest!8!.,

According to Nascimiento et all”l] in Brazil there
are currently 163 charcoal based BE, from their operation
it is known that their thermal level is 100-150 °C less
than coke based BE due to their lesser heat losses and
lesser refractory wearl®l. Additionally charcoal based
BF operated with up to 50% lesser slag volume, which
reduces the energy consumption for the slag fusion.
Hot metal gained out of charcoal have reduced sulfur
content (>0.012%) and generates lesser SO,
emissions!”). However, currently the hot metal
production based solely on charcoal is only limited
to areas with no mineral coal, such as Minas Gerais,
Brazil, since furnace sizes and production are capped
by the relatively low compression resistance of the
charcoal.

Academical researchers have investigated different
means to introduce charcoal in the steel process
(Fig. 1), e.g. as composite with iron ore for BF
burden!!©and 11 sybstitute of coal for cokemaking!!?,
steel recarburazer!3-1 pelletizing of charcoal fines
for BF feed!'® and more relevant to the present work
the injection of grinded particles into the BF via
tuyeres!!3 ad 17221 ‘here coined Bio-pulverized charcoal
injection or Bio-PCI.

The Bio-PCI proposition is quite similar to the
well-established PCI technology, the purpose is to
inject small particles of charcoal or biochar into the
BF though the tuyeres, in order to reduce coke
consumption. The basic and key difference is the
utilization of a renewable carbon sources, e.g. biomass,
instead of fossil coal, coke fines, oil or natural gas.
The key purpose of Bio-PCI is to mitigate the CO,
emissions of the BF process (see next section).
Previous contributions argue that Bio-PCI may be a
feasible and sustainable initiative to increment the
sustainability of ironmaking of without compromising
the process, nevertheless to our knowledge charcoal
is only been injected at Gusa Norseste, Usipar and
CISAM at injection rates of 50-160 kg/t HM in
charcoal based BFsl® and 231,

In the view point of the authors Bio-PCl is in
theory and praxis not only plausible, but also would
bring additional benefits to the process:

CO, abatement potential: there is a consensus in
the literature about the potential CO, saving of
biomass utilization in steelmaking. In this sense
Norgate and Langbergi?*! using a Life Cycle Analysis
assessed the potential of CO, mitigation in integrated
steel processing, based on their estimation
4.5 kg CO,/kg steel could be saved, based on a
complete fossil fuel substitution by renewable
charcoal. Mathieson!"®! estimated the net emissions
saved with the implementation of Bio-PCI between
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Figure 1. Alternative routes of the biomass utilization in Blast Furnace.

Figura 1. Rutas alternativas para la utilizacion de la biomasa en Altos

Hornos.

0.4-0.6 t-CO,/ t crude steel (19-25%), while Hanrot
et al.1?%! calculated the mitigation potential in 28%
with a rate of 200 kg Bio-PCI /t HM. To illustrate the
case of CO, abatement, it was calculated a Bio-PCI
substitution in BF based on actual processing
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parameters among selected producers, the results are
presented in figure 2, where CO, reduction accounts
from 0.28 t0 0.59 t CO,/t HM (18.0 t0 40.2%), when
Bio-PCI are used instead of fossil coal and natural
gasl20l,
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Figure 2. Estimated CO, saving potential using Bio-PCl in selected

Blast Furnace! [26],

Figura 2. Estimacion del ahorro potencial de emisiones de CO,, utilizando
Bio-PCl en Altos Hornos seleccionados’[29],

i) Alchevsk Iron and Steel BF 1 (Ukraine) & Severstal Dearborn BF C (USA) injects a
mixture of NG and PCI, while NLMK (Rusia) injects only natural gas, Feliciano &

Matthews[28].
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Lower impurity content: in charcoal the contents
of sulphur and phosphor are comparatively low, which
results into a better quality of hot metal (Table I).
Former operations in Wundowie (Australia) reported
sulphur (S) and phosphor (P) contents of 0.015%
and 0.03%, respectively)l?7). In a visit of the author
to ACEPAR (Paraguay), it was verified that hot metal
presented a composition of 0.03% and 0.15% of
sulphur and phosphor, respectively.

Ash content: previous analysis demonstrate that
the ash content in charcoal can be lower than in coke
and fossil coal (Table I), moreover industrial
experience on charcoal based BF indicates that less
than a half slag is generated in this process!?8,
consequently we estimate that the Bio-PCI may also
result in lesser slag generation. The ash in charcoal
is highly dependent on the feedstock species, for
instance in rice hulls ash content can be 41.34%,
while in pine woods is only 0.69% 2. A report of
FAO (1983) 27 on charcoal utilization on BF
indicates that the optimum range of ash content
should be 0.24-1.5%.

High reactivity: charcoals are highly porous with
large specific area, which improves its reaction
velocity. In a series of investigations Ueda &
Ariyamal’® and Ueda et al.1102and 18] seydjed the
velocity of reaction of samples of coke, PCI and
biochar carbonized at 300 °C and 500 °C the
combustion, the behavior of the samples was studied
under the rapid heating by laser and samples were
photographed by a high speed CCD camera. The
results showed that similar velocity for all samples,
250 msec, consequently Ueda et al. concluded that
“the combustibility of the biomass char in the raceway
is similar to that of pulverized coal”, these results
concord with those attained by Machado et al. and
Mathieson et al113and 21],

Together with the technical advantages, there
exist practical limitations to Bio-PCI. Firstly it
possesses lesser heat capacity than normal coal, due
to the higher amount of oxygen compared to coke,

however this could be partially adjusted with an
increase in temperature or pressure during the
pyrolysis. Secondly, the low crushing strength of
charcoal does not allow a complete substitution of
coke. Therefore the maximum injectable value of
Bio-PCI in the BF is similar to currently used PCI
rates, 100-220 kgp/t HM. Thirdly, as charcoal tends
to be porous, this hinders the pneumatic conveying
and makes difficult the injection at high ratesP°l.
Additionally in experiments carried out in Bluescope,
Australia, it was reported that the pulverized charcoal
from a vertical mill contained a large proportions of
coarse grains (3-5 mm), thus a screening was necessary
to concentrate particles under 210 um. An additional
limitation refers to high alkali content, for instance
charcoal from Malle trees possess 15.4% K,O and
6.1% Na,O 271, The amounts of alkalis (e.g. K,0,
NaO) should be minimized in the blast furnace charge
as they evaporate and infiltrate the refractory lining,
reducing the campaign of stack. Finally a more
determining issue can be the price difference between
the fossil and renewables reductants, the next section
will build on this aspect.

2. ECONOMIC CHALLENGES
OF Bio-PCI DEPLOYMENT

While the technical benefits and limitations of
charcoal injection in BF (Bio-PCI) have been subject
of analysis in the metallurgical inquiry, the economic
prospects of Bio-PCI deployment have been less
analyzed. The present section aims to illustrate some
of the challenges that bio-fuel may encounter to
substitute fossil based fuels in ironmaking.

Starting with the price of charcoal, it has been
traditionally more expensive than fossil based coal,
in a survey carried out in a previous investigation by
the authors among 24 charcoal producers and traders
in China, Japan, Russia, South Korea, India, Brazil,

Table I. Chemical composition of coke, coal and charcoall'’]

Tabla I. Composicion quimica del coque, carbén mineral y carbon vegetall'”!

Fixed H 0 S Moisture Ash Volatile
carbon Matter
Wt.%
Coke 88.00 0.35 0.50 0.40 0.60 494 9.63 3.00
Coal 82.80 2.31 3.30 0.90 0.42 2.30 10.27 8.60
Charcoal 80.30 2.68 - 0.38 0.02 2.30 0.57 19.10
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Table Il. Cost of coal and charcoal per country!?¢]

Tabla Il. Coste del carbén mineral (coal) y vegetal (charcoal) por pais!?®

Country China Japan Russia izl:;g India Brazil USA Ukraine Germany
Coal UsSD/t 134 135 121 134 120 17 124 121 125
Charcoal USD/t 330 510 570 375 320 270 360 370 480

USA, Ukraine and Germany (the top 9 hot metal
producing countries)2%), it was revealed that charcoal
prices ranged between 270-570 USD/t (posted in
Table I1), while the prices of coking coal have been
117-135 USDJ/t. Nevertheless, the cost of most of the
commodities fuels have importantly rise in the last
years, reaching record prices of 151 USD/t in the 3th
quarter of 2009 for coking coal and 192.9 USD/t for
thermal coal in 2008, similarly the price of iron ore
has increased in the past decade.

The price increment observed in recent years
(mainly between 2004-2008 and after 2009) has
been associated with the growing appetite for energy
of emerging countries, principally China and India.
To illustrate the price difference between charcoal
and coal, the table II depicts the price of fossil coal
and charcoal among the largest iron producing
countries in the world[2¢) in practical terms the
charcoal is approximately between 130-370% more
expensive than mineral coal, with Brazil showing
the lowest cost for charcoal for metallurgical
applications.

In our viewpoint the utilization of fossil or
renewable fuels in the BF process is ultimately an
economic decision, thus the significant price
difference between mineral coal and charcoal, may
have hindered a broader utilization of charcoal in
ironmaking applications. This consequently urges to
look for alternative and rational options to reduce
the cost of production of charcoal for BF injection,
according to previous calculations when charcoal are
injected instead of coal, the cost of hot metal
production increases between 5-16% 26,

Previous analyses of the economic prospects of
charcoal utilization in ironmaking has focused on
cost of carbon taxes to make the renewable fuel
substitution feasible, in this respect based on a price
of 90 USD/t for metallurgical coal, Norgate and
Lamberg!?4 argue that carbon tax in the order of
30-35 USD/t CO, would be required. Focusing on
the perspectives of Bio-PCI among top iron producers,
the authors determined that a carbon tax between
47-199 USD/t CO, would be needed for Bio-PCI to

be competitive. In this investigation it was found that

462

lower carbon tax cost would be necessary in Brazil,
India and China, due to low cost of charcoall?9.

Yet another alternative to reduce the price
difference between charcoal and coal lays on the
charcoal production. There are few peer-reviewed
articles available on the subject of production cost
of charcoal; in a large simplification the production
cost structure of charcoal can be summarized in three
mayor parts: biomass cost, carbonization/pyrolysis
costs and transport cost. This may prove to be
simplistic, and a further elaboration of the production
cost of charcoal would be needed, taking into account
the electricity co-product credit and capital
expenditures.

Focusing on the transport cost, they directly
depend on the distance of charcoal production to the
iron mills, for instance in Brazil sustainable
plantations of eucalyptus exist in the vicinity of iron
plants to provide charcoal to the local hot metal
production in Minas Gerais!?’l; this is however
relative minor cost in comparison to biomass and
pyrolyzation costs, previous study cases indicate a cost
of transport between 13-20 USD/¢ 124 and 31],

There are different carbonization processes
available for the charcoal making, their features vary
according the conditions of the applications. Table III
presents a summary of a broad review and critique
made by Garcia-Pérez et al.l32! of the principal
characteristics of the pyrolysis reactors used presently
in the production of charcoal. For instance earth kilns
are traditional, robust, simple, homemade options for
carbonization, with a relatively low capital
investment. But the attainable charcoal yield in earth
kiln is quite limited. On the other hand, retorts
provide good productivity with continuous feeding
(e.g. wagon retorts), nonetheless the capital
investment for such kilns tends to be prohibitive for
rural charcoal producers. Finally there are available
portable converting technologies (e.g. small retorts),
which conveniently permit to bring the furnace to
the plantation areas. Two other important parameters
in the selection of the carbonization process are the
heat transfer rate (slow and fast pyrolysis) and raw
material usable (primary wood or biomass residues).
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References on production of charcoal in continuous
retorts reported that carbonization accounts of 27-33%
of total production costl24and 311,

However, the last and arguably most significant
expenditure in charcoal making is represented by the
biomass cost. The table IV posts some reported
charcoal cost and their respective biomass cost and
source, the next paragraph builds on this topic.

As table IV shows, between 10.9-67.6% of the
total charcoal production cost is represented by
biomass, the biomaterials use in the carbonization can

come from primary (logs) or from secondary sources
(agricultural and forestry residues). Although the
charcoal cost structures posted in references A, B, F
& G date from 1985 and cannot be directly compared
in price with others more recent references (C, D & E),
it is important to notice the actual relative biomass
cost in the charcoal production. In this sense, lower
relative biomass cost arise from charcoal manufactured
out of secondary sources (forestry and agricultural
residues), this means a relative biomass cost ranging

between 10.9-32.9%, references F, G & H in table IV,

Table lll. Characteristics of pyrolysis reactors!32]
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Retarie “Wasd logs Comverters
Large Kilus Wik ! H

i Recevery of Retortswith By- H

{Earth kiln Cinder Black Pymolitic Vapors  Small returts product recovery  Wagen Retart  :Rechert canverter SIFIC process
Final Product [biocher Biochar ‘::_:::"h“' ““"?,Bimhn i:‘:"" Hoolland b bic-oil  Biochar Biocher
o idijtnlyll dow pyrolyes dlow pyrolysis Ei:m']:_*.ﬂ:ll.:p’.l slow pyrolyais slow pyrolysie éiw mrolysis alow pymolysis
Made of ‘hateh bitels st bbely Jmsen, bintety st bateh C oatisnous  peami-bakch Coatinous
wparation : i :

; partial combustion, | . indhrect hasting P :Direct contact with Direct condect with
Heating -nh-lil.ln-ﬂunul paertinl mato-therm al § with imﬂrl:th:ut the walls indirect heat bk guan ok gases
Constructon | tiniles, bricie, ; fes ; £
s urﬂ: e tricks and stesl éIml:l'.-nmﬂﬂ.nl bricks and steel Steel Emd stesl
Portability ot in plece sati oy stationary éphliu staticnmy staticoery S #inticnary staticmary

B Priary wood & ] i : Primey wood & : o :
Raw Material EPs:1.|:'1-'5.-1.|':|:|d Bicanas Husithant Primery wood i,E:.l'.l\'u.ls remiduss Binmass Residuas Primesy wood EI‘::mﬂu':,r'lllmd. Primery wood
Losding and | ) s : . .
disc) 5:1:1.111 manl, mechencal mamnl, mwhn:ullinlmnl marmzal use of Wagon gmwhucll mechanical
Sive of kiln ;mllhhadi.un em all/m ecium Learge anull emall emall to largs ;I-p lerge

! ’u hesting with |

: enall Fndlswood =mall kindls woad, 3 axternal coshustion  extemnal hot grssein en
Ipﬂhl.lﬂliinﬂlhnﬂuﬁ il iz il combustion with b combristicn

t € € learves anad bk

i chember
i cheerving color of  cheerving colorof | i
1 Enhun'ing color of produce veporsor  produce vepors or  {obssrving color of  direct messurem snt di:lﬂmommnmg diract msamuEment

Ll iproduce vepars tempernhae tomperahare iproduce vapars of tempersture of temperahue 5‘&“““ ot of temperature

i meanyemeats messiuements i H

iWaed chips Comverters

‘Horreshofl

imultiple-hearth Moving agitated Puidle pyrelysiz

furnace Ratary Drums  Augerreacior bed Shelf resctars kiln
Final Product Biochar Biothar, hest l:;::f"'ﬁm' W4 bt big-ol  Biochee bo-oll  Blosh
Heat transfer . dow pyrolyes, fast slow pyrolyas, fast sow pyrolyss fast sow pyrolyss, fust :

ralow pyralyss ; ; b : slow pyrclysis
mate i i piclyss Fyrclyss pyvalyss pymolysis i
Made st ‘Continous C axtinenis Conti C omiti C antinous C ontinous
wparation H

iDirect contactwith. Direct contact with hesting through g . ; gl
Heating -'“hut gasss a0k gases walls ImcErect heating Indirsct herting indirect heat
Construction |
i ;m“ sl steal sheal steel steel
h"""“": Frartical Horizontal Horizartal Honzontaliverticsl  HorizontalAvertical  horizantal
Foaw Material Hmmmmn Bicmeseregidoes Biomaegremduse Biomessresidoss Biomeesresicoes  Biomass residuss
Lasding snd Emnhu:-ral mechiar el 1 achan cal s scherneal marusal, macharmenl machend el
Sizeofkiln  ilesge small small medivm, lorge  small mall

n:hmll extarnal
Ignition llllihlliml b :’ combustion external oven external hrater

pmdu:thm ERERE ber
| idiyect mennzement drect messement direct mesmrement direct mennrement direct meamrement direct meamzement

{af temperahae of tempersture of tempershye of temperatire of tempersture of tempershae

Rev. metal. 49 (6), NOVIEMBRE-DICIEMBRE, 458-468, 2013, ISSN: 0034-8570, eISSN: 1988-4222, doi: 10.3989/revmetalm.1331

463



C. FELICIANO-BRUZUAL AND J.A. MATHEWS

Table IV. Charcoal production cost analysisl?4- 31and 33]

Tabla IV. Andlisis de los costes de produccion de carbon vegetall?4 31y 33

ABT BB CB3
(2011)

Reference (year)

(1985) (1985)

DB33 E[4  EFB GBI HB33
(2011) (2009) (1985) (1985) (2011)

Carbonization unit Brick
Kiln * retort
Biomass source

biomass cost

Primary Primary Primary Primary Primary Forest
Wood Wood  Wood
Biomass  USD/t 65 43.4 390
Relative (%) 47.7 27.6 50.0

*retort *retort  Brick

Forest Agricul.
Wood Wood residue residue residue
91.6 260 13.4 30 83
36.0 67.4 10.9 32.9 30.5

Total charcoal cost 136.1 157 .1 780

USD/t
Cells in gray: Primary
wood

254.6 386 122.6 91.1 272

Cells in white: biomass
residues

* Continuous

while in the cases charcoal produced from primary
wood sources the relative cost of biomass is
significantly higher: 27.6-67.4%, references A, B, C,
D & E. This leads to indicate that biomass from
secondary sources may help to reduce the price
difference between fossil coal and charcoal, in the
following part this hypothesis will be studied in detail.

The review and analysis of previous works on
Bio-PCI leads to indicate that the injection of
charcoal particles into BF is not only technically
feasible, but it may bring benefits to the quality of the
hot metal due to the lower impurity content, with a
significant CO, abatement to the ironmaking process.
Arguments on charcoal utilization point out the lack
of commercial attractiveness when renewable charcoal
is compared to fossil coal, in our viewpoint this lack
of competitiveness has certainly hindered the potential
of a wider use of charcoal in BE, and however charcoal
from biomass residues can substantially reduce the
total production cost of charcoal. In this sense, the
next section provides arguments about the usage of
residual biomass in ironmaking.

3. ANALYSIS: CAN THE RESIDUAL
BIOMASS DRIVE THE EMERGENCE
OF BIO-PCI?

The production of iron utilizing BF and coke as major
reductant is one of the most intensive carbon-
emitting industrial processes on the planet. Even with
innovations such as PCI, the level of carbon emissions

remains unacceptably high. Substituting bio-derived
charcoal for coal-derived coke presents itself as an
important alternative, because the charcoal so
introduced can be carbon neutral, and the carbon
emissions from the steelmaking process merely replace
the carbon absorbed as the biomaterial grows. In this
regard, biomass based energy (bioenergy) is called to
offset some part of the energy portfolio currently
occupied by fossil fuels in iron and steelmaking, the
automobile and transportation industry is well
advanced in the utilization of biofuels.

According to figures of Worldwatch institute, in
2010 the total world ethanol production was
estimated in 86 bn. liters, with USA and Brazil as the
world’s top producers (about 90% of global
production). The European Union is largest biodiesel
producer, accounting for 53% of all biodiesel
production in 2010 B4, The International Energy
Agency has an objective to reduce the dependence
on fossil fuel for transportation, by the replacement
of 25% of global energy demand with biofuels?!.

Conversely the response to the climate change
demands a restructuration of the fuel portfolio in
ironmaking, with biomass and charcoal likely to play
a more determining role in the future, thus recent
investigations has focused on proving the feasibility
of biomass utilization in BF (see 1t section of the
present work).

While the use of biomass in BF can provide a
significant CO, abatement, the biofuels are not
absented of criticism. Profound concerns exist about
the potentially negative consequences of biofuel use
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and their exploitation. For instance it is argued that food
price has increased due to bioenergy demand3¢nd 371,
Additionally, it is feared that an increment of biomass
crops could results into an increase in the conversion
of natural areas to agricultural use, with a consequent
lost in biodiversity3l,

Large plantation areas would be required if charcoal
replaces partially coal in the ironmaking process. In
order to provide a guideline, an estimation was made
on the total plantation areas needed to replace
completely fossil coal injected in BE The estimations
on table V were issued under the assumption of an
injection rate of 150 kg , /t HM, a charcoal yield
of 8.6 t., . Jt, .. and a biomass yield of
30t ../ha/y. Under these constrains, it was
calculated that 165.1x10% Mt of charcoal would be
necessary to completely replace fossil PCI by Bio-PCI
(Table V). Additionally around 80x103 km? hectares
of plantation area would be needed for biomass
generations (Table V last column right), in
comparative terms this is an area larger than
Australia. To dedicate such vast arable areas, fertilizer
and water to the production of charcoal instead of
food presents a significant economical challenge and
ethical dilemma.

In our view, some of the criticism and skepticism
against biofuels, might be offset to a certain degree
with the use of agricultural and forestry residues,
instead of primary wood sources. Sources of residual
biomass may include agriculture residues (i.e. stalks,
stover, chaff, etc.), forestry residues (i.e. tree tops,
branches, slash, etc.), and mill residues (i.e sawdust,
scraps, pulping liquors, etc.). Arguably the residual
biomass allows to produce multiple products with a
reduce demand for land[*%),

Considering the worldwide amount of residual
biomass, which mainly arises from agriculture and

forestry production, it can be argued that residual
biomass a potentially large and under-utilized
resource. Gregg and Smith!*¥ estimated that residual
biomass can supply nearly 50 E]/yr to the global
energy market (Table VI), if all sustainably collectable
residues in 2005 were converted into energy.
Logically, major agricultural producers such as China,
USA, India & Brazil possess a large energy potential
from residual biomass (Table VI), coincidentally these
countries also account for the 67% of the total global
iron production using BE This together with the
relative low cost of charcoal lead us to conclude that
Brazil, India and China were in prime position to
incorporate the Bio-PCI into their production!*!],

In our point of view, the use of Bio-PCI is
ultimately an economic decision, influenced by
competing coal prices. Therefore, the authors
electronically consulted 77 producers and traders of
primary wood and biomass residues, in order to assess
the market price of the principal raw material for
charcoalmaking. Table V presents the prices reported,
the bands varies from minimum to a maximum offered
price, and an average price of primary wood
(Eucalyptus, Hardwood, etc.) and biomass residue
(biomass briquettes, palm kernel, sawdust, etc.).

As shown in table VII, primary wood prices ranks
between 303-395 USD/t, while biomass residues
prices were between 72-155 USD/t, thus residual
biomass costs are approximately 50% of primary
woods, without dedicating large extensions of arable
land to its development.

It is acknowledged that previous contributions
recommend to use hardwood from primary sources
to produce charcoal for BF applications!? and 311
because direct feed of charcoal in the BF burden (from
throat not through tuyeres) requires to use lump
pieces of char with high mechanical resistance. In

Table V. Hot Metal production[®?, Bio-PClI utilization and plantation areas

Tabla V. Produccién de arrabiol*®!, utilizacién de Bio-PCl y areas de plantacion

Country China Japan  Russia izl:;g India  Brazil USA  Ukraine Germany
Hot Metal TMt
(2011) 629,693 81,028 48120 42,218 38900 33,243 30,233 28,867 27,795
Bio-PCI §
TMt 94,454 12,154 7218 6,333 5835 4986 4,535 4,330 4,169
Plantation

area (Km2)§§ 45782 5891 3499 3,070

2,828 2417 2198 2,099 2,021

§ Bio-PCl calculation based on injection rates of 150 Kg/ton HM.

§§ Plantation areas calculated under followings constrains: 8.6 (t

biomas!thiochar)» DiIOMass yield of (0.3t /km?/y.
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Table VI. Potential residue biomass energy for 2005 (EJ/yr)40l

Tabla VI. Potencial energético de biomasa residual para 2005 (EJ/yr)[4%

Residue Wheat Corn Rice Oth(_ar Oil Sugar Misc Forest Mill Total
Source Grain crops crops crops

China 1.31 076 2.07 010 092 041 045 035 077 7.3
USA 0.49 239 012 015 053 013 0.10 047 1.07 5.44
India 0.45 0 1.31 0.08 028 110 0.24 064 0.77 4.86
Brazil 0 0.01 013 0.02 020 197 0.30 051 059 3.73
Global total  5.58 416 6.51 201 741 617 3.89 514 7.85 48.71

this sense, we don’t recommend using residual biomass
for direct burden feeding either, however, for the
purpose of Bio-PCI (small particles of charcoal
injection), no significant compression strength
resistance is required. In addition to this, it is certainly
recognized that a number of logistical and
technological challenges will need to be addressed
in order to use residual biomass, for instance, when
the principal characteristics of primary and residual
biomass are compared (Table VIII), it is noticed that
Eucalyptus and Acacia present larger density and

higher calorific values, nevertheless the calorific value
is still sufficiently attractive (>15.9 M]/kg) for the
objective of charcoal making.

The present work intends to be of indicative
nature of the directions for future research in the
deployment of Bio-PCI, we believe this is important
to generate prudent strategic decisions to shift the
structure of fuel utilization in ironmaking. In the
present contribution, no particular consideration was
given to the specifics of individual companies and
countries; instead our analysis is based upon a set of

Table VII. Survey on biomass costs

Tabla VIl. Encuesta sobre costos de biomasa

. No. Minimum Maximum Average
Type of Biomass Consulted Price Price Price
USD/t FOB

Primary wood

Diverse woods species 20 188 565 303
Eucalyptus 5 176 588 380
Hardwood 4 235 529 353
Timber 3 190 700 395

Biomass residues

Biomass briquettes 22 50 180 125
Palm kernel 5 45 100 72
Coconut shell 5 120 300 155
Saw dust and wood chip 4 40 160 85
Wheat straw hay 3 115 160 128
Corn straw pellets 3 110 160 144
Rice husk briquettes/pellets 3 60 100 78

Cells in gray: primary wood

Cells in white: biomass residues
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Table VIII. Primary and residual biomass properties

Tabla VIII. Propiedades de biomasa primaria y residual

Density Ash Caloric Value Volatile Moisture
. . matter Content

Biomass residue

(kg/m?3) (wt%) (MJ/kg)) (wt%) (wt%)
Eucalyptusl® 1.510 1.2 20.3 82.4 5.2
Acacial® 1.440 1.0 19.2 84.0 5.9
Peanut Shell pellets 900 - 1.100 <7 17.6 - 18.8 - 11.0
Saw dust pellets - 1.00 18.8 83.5 45.0
Biomass briquettes - 6.9 17.6 62.0-68.0 7.2-8.0
Rice husk briquettes - 12.50 16.7 4.3 -
Wood pellets 1.100 0.50 19.2 8.0 4.5
Corn Straw pellets 1.100 - 1.300 8.00 15.9-17.6 - 9.0

Cells in gray: primary wood

Cells in white: biomass residues

general rational assumptions. Thus, our analysis leads
to infer that the utilization of residual biomass may
assist to reduce the production cost of charcoal in
about 120-180 USD/t with respect to the charcoal
produce with primary wood, this certainly would help
to alleviate the price difference between coal and
charcoal. Residual biomass combined with a carbon
price to CO, emmision in ironmaking and electricity
co-product credit during charcoalmaking may drive
the emergence of the Bio-PCI.

As indicated in previous works, emerging countries
with increasing iron and agricultural production, such
as Brazil, India and China seem to appear as prime
candidates to a broader implementation of the Bio-PCI.
The amount of residual biomass likely to be used
logically depends on the cost associated with
collection and carbonization the residues, in this sense
it has to be acknowledge that proper, well-managed
structures need to be developed to create a charcoal
industry to support hot metal production. An
additional element is represented by the capital
expenditures of the converting technologies, and the
establishment of environmental incentives, i.e.
carbon taxes.

4. CONCLUSIONS

— The analysis of the existing literature and
industrial experiences on Bio-PCI clearly
indicates the feasibility to mitigate a up to 40%
of CO, emissions per tonne of hot metal. Besides
of the obvious ecological benefit, the analysis of

previous investigations shows that Bio-PCI would
help to reduce the contents of sulphur in the hot
metal and slag in the process compared to coke
based BF ironmaking. Based on current processing
conditions the maximal substitution rate can be

estimated in 200-220 kg Bio-PCl/t hot metal.

— The significant difference between charcoal and

coal can be reduced or alleviated by the utilization
of biomass residues instead of primary wood as main
raw materials for charcoalmaking, since the cost
of residual biomass is approximately half of primary
wood. Residual have certainly lesser density but
sufficient calorific value for carbonization. With
the use of biomass residues instead of primary wood,
no vast extensions of land are required to sustain
the charcoal production.

REFERENCIAS

[1] Boston Consulting Group, Proceedings SEAISI
Conference 2009, Kuala Lumpur, Malaysia,
2009.

[2] M. Larsson, Doctoral Thesis, Lulea University
of Technology, 2004.

[3] P. Schmoele, H.B. Liingen, G. Endemann,
Proceedings 5™ ICSTI’09, Shanghai, China,
2009, pp. 42-50.

[4] A.Cheng, E Rorick and J. Poveromo, Fitht
Inter. Congress “Theory and Technology of
Blast-Furnace Smelting”, Shanghai, China,
2008, pp. 27-41.

[5] LE Kurunov, Metallurgist 54 (2010) 114-126.

Rev. metal. 49 (6), NOVIEMBRE-DICIEMBRE, 458-468, 2013, ISSN: 0034-8570, eISSN: 1988-4222, doi: 10.3989/revmetalm.1331 467



C. FELICIANO-BRUZUAL AND J.A. MATHEWS

[6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

21]

[22]

23]

468

A. Babich, D. Senk, H.W. Gudenau and K.
Mavrommatis, [ronmaking, Ed. RWTH Aachen
University, Aachen, Alemania, 2008.

R.C. Gupta, Mineral Processing and Extractive
Metallurgy Review, 24 (2003) 203-231.

A. Oliveira Carneiro, Technological advances
of charcoal production. Course: Charcoal
Ironmaking, Brazil. Unpublished.

R. Nascimento, A. Almeida, E. Olivera, A. De
Jesus and A. De Moraes, Proc. 3rd Inter.
Meeting on Ironmaking, 2008, pp. 1-14.

S. Ueda, K. Watanabe, K. Yanagiya, R. Inoue
and T. Ariyama, ISI] International 49 (2009)
1505-1512.

K. Matsui, Y. Hata, S. Hosokai, J. Hayashi, Y.
Kashiwaya, and T. Akiyama, Proc. 5th
ICSTI’09, Shanghai, China. 2009, pp.1292-
1296.

J.A. MacPhee, ].E Gransden, L. Giroux and ].T.
Price, Fuel Processing Technology 90 (2009)
16-20.

J. Mathieson, H. Rogers, M. Somerville, P.
Ridgeway, S. Jahanshahi, METEC InSteelCon
2011, Diisseldorf, Germany, 2011.

M.A. Somerville, M. Davies, ].G. Mathieson,
P. Ridgeway and S. Jahanshahi, CHEMECA
Sydney, Australia, 2011, pp. 1-13.

M. Somerville, S. Jahanshahi, P. Ridgeway, M.
Davies and ].G. Mathieson, Sustainable Mining
2010 Conference, Kalgoorlie, Western Australia
State (WA), 2010.

D. Lucena, R. Medeiros, U. Fonseca and P.
Assis, Tecnologia em Metalurgia e Materiais 4
(2008) 1-6.

A. Babich, D. Senk and M. Fernandez, ISI]
International 50 (2010) 81-88.

S. Ueda, K. Yanagiya, R. Inoue and T. Ariyama,
ASIA STEEL 2009, 4 Asia Steel International
Conference, Busan, Kora, 2009.

S. Ueda, T. Ariyama, SCANMET I1I, 3rd Int.
Conference on Process Development in Iron
and Steelmaking, Luled, Sweden, 2008.

J.G. Mathieson, The value-in-use of some
biomass-derived blast furnace injectants,
BlueScope Steel Unrestricted Report, 2007.
J. Machado, E. Osorio, A. Vilela, A. Babich, H.
Gudenau and D. Senk, Proceedings of the 5th
ICSTI 2009, Shanghai, China, 2009, pp. 804-808.
S. Ueda, K. Watanabe, K. Yanagiya, R. Inoue
and T. Ariyama, Proc. of the 5th ICSTI09,
Shanghai, China, 2009, pp. 593-599.

Clean Development Mechanism, Project
documentation form: Usipar Pulveized Charcoal
Injection Projection, 2008.

[24]
[25]

[26]

27]

28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

38]

[39]

[40]

[41]

T. Norgate and D. Langberg, ISI] International
49 (2009) 587-595.

E Hanrot, D.Sert, J. Delinchant, R. Pietruck,
T. Biirgler, A. Babich, M. Fernandez, R. Alvarez
and M.A. Diez, Ist Spanish Conference on
Advances in Materials Recycling and
EcoEnergy, Madrid, 2009.

C. Feliciano, J.A. Mathew, 6th Int. Congress
on the Science and Technology of [ronmaking
— ICSTI, Rio de Janeiro, Brazil, 2012, pp. 1913-
1927.

FAQ, Unasylva No. 72, Use of charcoal in blast
furnace operations, http://www.fao.org/docrep/
03500e/03500e07.htm [retrieved on 02-2012]
H. Nogami, J. Yagi and R. Sampaio, ISI]
International 44 (2004) 1205-1219.

M.]. Antal and M. Gronli, Ind. Eng. Chem.
Res. 42 (2003) 1619-1640.

O.C. Ferreira, Economy & Energy 20 (2000).
FAOQO Forestry Paper 63, Industrial charcoal
making, Chapter 7, http://www.fao.org/docrep/
X5555E/X5555E00.htm.

M. Garcia-Pérez, T. Lewis and C.E. Kruger,
Methods for producing biochar and advanced
biotuels in Washington State. Washington State
University, Pullman, WA, 2010, p. 137.

H. Suopajirvi and M. Angerman, METEC
Conference on Energy Efficiency and CO,
reduction in the Steel Industry, Diisseldorf,
Alemania, 2011.

S. Kumar, http://www.worldwatch.org/biofuels-
make-comeback-despite-tough-economy.
IEA, 2011, Technology Roadmap, Biofuels for
Transport, International Energy Agency,
http://www.iea.org/publications/freepublications/
publication/biofuels_roadmap.pdf

A. Ranses K. Hanson and H. Shapouri, Biomass
Bioenergy 15 (1998) 417-422.

D.J.A. Johansson and C. Azar, Climate Change
82 (2007) 267-291.

M. Wise, K. Calvin, A. Thomson, L. Clarke
and B. Bond-Lamberty, R. Sands, S.]. Smith,
A. Janetos and ]. Edmonds, Science 324 (2009)
1183-1189.

Worldsteel Association, World steel in figures
2012, http://www.worldsteel.org/dms/internet
DocumentList/bookshop/WSIF_2012/
document/World%20Steel %20in%20Figures
%202012.pdf.

J.S. Gregg and S.]. Smith, Mitigation and
Adaptation Strategies for Global Change 15
(2010) 241-262.

C. Feliciano, F. Garcia and J.A. Mathews,
Baosteel Technical Research (2010).

Rev. metal. 49 (6), NOVIEMBRE-DICIEMBRE, 458-468, 2013, ISSN: 0034-8570, eISSN: 1988-4222, doi: 10.3989/revmetalm.1331



