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The iron and steel making is considered among the biggest industries which run the world. This industry con-
tributes around 20% of global industrial-sector energy consumption that is provided significantly by coal and
coke. The fossil-based fuels are consumed largely for heat generation and reducing agents in steel production
processes which leads to huge global CO; emissions. This matter encourages to find an effective, environmentally
friendly, and sustainable substitute instead of coke and coal. Recently, biochar has received lots of consideration
as a possible replace since the acceptable adaptation and comparable metallurgical properties to coal and coke.
However, the biomass application in iron and steel making manufactures is currently limited and it endures
strong competition with coal-based fuels. This paper investigates the key challenges affected on the steel pro-
duction plant and the ability of biochar to overcome these difficulties. This work evaluates coal and coke sub-
stitution with biochar, focusing on metallurgical, technical and environmental aspects with the view of gate-to-
gate analysis, from industry entry gate (input feedstocks that are coal or biochar) to exit gate (that is steel
production). Moreover, the opportunities and obstacles of biochar performance in energy-intensive processes in
steel production such as coke-making, sintering and blast furnace are discussed and finally, the main questions

regarding the evaluation of these alternatives and their impacts on the system are answered.

1. Introduction

Burning different kinds of fossil-based resources releases huge
amount of greenhouse gases to the atmosphere which intensifies climate
change. In order to lessen climate change and avoid devastating con-
sequences of global warming and climate problems, using fossil fuels as
fuel need to be ceased [1-3]. In addition to the urgent requirement to
reduce conventional energy resources for environmental issues, the war
in Ukraine has much more strengthened effort to substitute a large
quantity of conventional fuels with instant effects [4]. This action should
be started from the industrial sector which accounts over 50 % of the
energy consumption in the world and 36 % of global carbon emissions,
making this sector very important for a switch to renewable resources
and the realization of fossil-based fuels savings [5].

The iron and steel production manufacture includes among the most
significant industries for each country that is well-known as the mother
of all manufactures by helping to other secondary industries as well as to
national and economic development [6]. Unlike many industries, iron
and steel production have not much affected by the COVID-19
pandemic, confirming with annual production falling less than 1 % in
2020. Moreover, steel production increased to almost 1,950 million ton
(Mt) in the world over 2021, a growth of 3.7 % from total amount of
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1,880 Mt in 2020 [7]. Furthermore by 2050, steel utilization has been
predicted to become greater 1.3 times higher than the current level to
satisfy the needs of a growing population [8].

The global energy usage in iron and steel production has been
approximated to be about 18 % of the yearly industrial energy con-
sumption, it values about 9,885 Terawatt Hours (TWh) [9]. In addition,
in order to make steel, manufactures need coking coal. Coal-based fuels
are coupling to largely the world carbon emissions; the global coal
consumption in iron and steel production has been estimated to be about
9,305 TWh in 2022 [10]. The fossil-based fuels are consumed largely for
heat generation and reducing agents in steel production processes which
leads to huge global CO, emissions. Relying on the International Energy
Agency (IEA) statistics, ferrous metallurgy industry contains around 23
% of total global industrial COy emissions [10]. Moreover, carbon
emission through the iron and steel manufactures accounted about
2,600 million ton in 2019 that it was estimated to increase 2,700 million
ton till 2050 if no sustainable development scenario is applied [11].

Steel production process can usually be categorized to four primary
different methods like blast furnace/ basic oxygen furnace (BF-BOF),
direct reduction/ electric arc furnace (DRI-EAF), smelting reduction/
basic oxygen furnace (SR-BOF) and melting of scarp in electric arc
furnace (EAF) (Fig. 1). The blast furnace coupled with basic oxygen
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furnace has been presented as the most significant technology for steel
making in the world which uses hugely coal and coke as both energy
source and reduction agents. The BF-BOF method has assigned to itself
approximately 70 % of steel production in worldwide. To make steel by
using this method, iron ore is reduced by cokes/coals and is converted to
carbon-rich pig iron in blast furnace (BF), then it is decarburized in basic
oxygen furnace (BOF), and refined further to produce steel. For pro-
duction of 1 ton crude steel by applying BF-BOF method, almost 1400 kg
iron ore, 800 kg coal, 120 kg recycled steel, and 300 kg limestone are
required [12,13]. The next significant way for iron making in the world
is reprocessing and smelting of steel fragments in EAF method which
contains about one-fourth of global steel manufacturing [14]. The DRI-
EAF method utilizes mostly natural gas for energy carrier and reduction
agent; it creates about 5 % of total steel in worldwide. The SR-BOF
technology also consumes coal for iron ores reduction and provides
only 0.4 % of global demand for steel [15]. Recently, the EAF option has
grown a lot because of small scales, low capital and operational costs,
high efficiency and productivity. As a mentioned example in literature
[16,17] through this method, 1036 kg scrap, 28 kg limestone, 56 kg
oxygen, 21 kg carbon, 3 kg electrodes and 4 kg natural gas are used for
production of 1-ton crude steel. Although EAF consumes only low
amount of coal as a raw material, the electricity applied is mostly
generated by fossil-based power plants [12].

Although, the blast furnace produces major amount of total world
steel requirement, producing 1-ton hot-rolled coil by applying this
technology is attended by 1.8 ton CO2 emission [13]. Consequently, the
decrement of fossil fuel usage and GHG emissions need to be the prime
concerns of iron and steel manufactures because of continuous
increasing of energy costs as well as environmental problems. In recent
decade, the iron and steel production processes have made significant
amendments to mitigate the energy usage and gas emissions, however
major reduction would be necessary to guarantee the future sustain-
ability of this essential manufacture. Prediction of energy usage and
carbon emission for years to come, determines that these two issues will
increase continuously unless sustainable approaches are considered.
Actually, an effective, environmentally friendly, and sustainable sub-
stitute instead of coke and coal would be so urgent.

The potential of biomass conversion products (e.g., syngas, bio-oil
and biochar) with approach of industrial application in substitute of
fossil fuels have been studied widely [19-22]. However, among all of
them, the main product of renewable biomass in nature, biochar has
received lots of consideration as a possible replace since the acceptable
conformity, well ignitability and reduction capability [23-27]. Never-
theless, the biomass implementation in iron and steel making manu-
factures is still limited and need to compete strongly with coal-based
fuels. In addition, the challenges regarding to biochar usage in iron and
steel manufactures cover both technical and economic perspectives.
Hence, the current work investigates thoroughly the important issues
affected the steel production and the capability of biochar to overcome
these difficulties. The opportunities and obstacles of biochar
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performance in energy-intensive processes in steel production e.g., coke-
making, sintering and blast furnace are brought up and finally the
following questions will be answered:

e To what extent could biochar replace coal and coke in steel
industries?

e How this option could be evaluated? What indicators for this eval-
uation need to be studied?

2. Potential of biochar usage in iron and steel manufactures

Structure of the iron and steel making system by applying BF-BOF is
shown in Fig. 2 [28]. The input coals are heated in an oxygen-free at-
mosphere until all volatile components in them evaporate. The material
remaining is called coke. Conventional coke-making is carried out at a
temperature around 1000 C in heating walls in a coke oven battery. The
produced coke is used in both blast furnace and sintering plant as
reductant and a resource of thermal energy. It makes reduction of ore in
the blast furnace to be converted to liquid metal and then refining of
blast furnace hot metal to form steel. Sintering is a process for
agglomeration of iron ore fines to be useful material in blast furnace. In
this process, raw materials like iron ore fines, coke breeze, limestone and
dolomite fines are blended with water to create an adhesive mixture,
and then placed on a continuous, moving grate. A burner hood, at the
beginning of the sinter ignites the coke in the mixture, after which the
combustion is self-supporting and it makes adequate heat to lead surface
melting and agglomeration of the mixture. The sinter ore is unloaded at
the end of the sinter field, where it is crushed and screened. In the blast
furnace the iron oxide is converted to iron in liquid state. This process
needs reductant for iron oxide reduction and heat that the reduction
reaction is accomplished and for the products of smelting are melted.
The main source for fulfilling of both these requirements is done by coke,
which contributes major part of cost of hot metal production. The gen-
eral blast furnace is a vertical counter-current heat exchanger as well as
a chemical reactor in which burden material charged from the top
descend downward and the gasses generated at the tuyere level ascend
upward. At the final stage, the basic oxygen furnace is applied for steel
production. In this process, hot metal is added and oxygen is blown to
the bath. Because of the exothermic reactions of oxidation, heat is
generated and the temperatures increase. By using steel scrap as a
coolant, the temperature can be controlled. Then, the steel is tapped by
tilting the converter to the tapping side and alloying elements are added
via chutes while metal is being tapped. The converter is also tilted to the
charging side in order to remove the slag volumes [29,30].

In the integrated system for producing of iron and steel, the coke-
making, sintering and blast furnace, are largely energy-consuming
technologies that use higher than 75 % of entire energy consumption
through the system. Approximately, all of carbon entered to the blast
furnace is ineluctably transformed to carbon monoxide and carbon di-
oxide. Hence, BF process is taken into account the main participate to

Using coal and coke
70% of world steel production

Different

Melting of scarp in
electric arc furnace (EAF)

Mainly electricity
25% of world steel production

processes of

steel making

Direct reduction/electric
arc furnace (DRI-EAF)

Using natural gas or coal
5% of world steel production

Smelting reduction/basic | Coal
oxygen furnace (SR-BOF)

0.4% of world steel production

Fig. 1. Different types of iron and steel making industries [12,13,18].
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Fig. 2. Structure of the iron and steel making system by applying BF-BOF.

greenhouse gas (GHG) emission in iron and steel manufactures [12,31].
The energy usage in the coke-making, sintering and BF is around 6.54,
1.5 and 12.3 GJ per ton of product, respectively [32]. Moreover, the
released CO, emission for these processes is around 0.79, 0.2 and 1.22
tCO2 per ton of product, respectively. Indeed, coke-making, sintering
and BF contribute together almost 90 % of total amount of CO, emission
in iron and steel industry. These high environmental impacts and high
energy consumption have major contradiction with post-Kyoto re-
quirements that need to find relatively instant and sustainable solutions
for coal and coke reduction in energy-intensive technologies in steel
industries.

By several researches [31,33,34] biochar has been selected as a
promising solution for reducing agents and fuel to lessen the fossil fuel
and CO5 emissions in the steel industries. In fact, it has been confirmed
that biochar has various potential to be used partially or completely in
different parts of a steel industry. It can be replaced instead of coal and
coke in coke-making, sintering and blast furnace plants but feasibility of
this matter and maximum amount of replacement need to be found to
have product with acceptable properties. Hence, in this paper the key
challenges affected on the steel production and the ability of biochar to
overcome these matters are studied. This work evaluates coal and coke
substitution with biochar, focusing on metallurgical, technical and
environmental aspects with the view of gate-to-gate analysis, from in-
dustry entry gate (i.e. input feedstocks) to exit gate (i.e. steel

production) and processes for biochar production are not included. In
the below sections usage potential of biochar in various parts of steel
industry are investigated and discussed.

2.1. Comparison of physicochemical properties of biochar with coal and
coke

The raw/unprocessed biomass fuels, originated from wood or any
other organic material, cannot be utilized directly in substitute of con-
ventional fossil-derived fuels consumed for steel making owing to their
large moisture value, inadequate carbon content, and lower calorific
value [35]. However, in view of general chemistry, the char derived
from biomass has relatively complex physicochemical properties in
comparison with raw biomass and its physicochemical properties are
similar to low volatile coal or coke. Table 1 lists the physicochemical
characteristics of various biochars derived from different biomass
feedstocks compared to those of coke and coal consumed in ferrous
metallurgy [36-41].

As it can be seen, two kinds of biochars produced by wood or crops
biomass feedstocks have more volatile matter in comparison with these
properties in coal and coke. They also include less ash content and im-
purities which is beneficial for iron-making. However, only wood bio-
chars have acceptable range of fixed carbon in comparison with both
coal and coke. On the other hand, fixed carbon involved in different

Table 1

Comparison of properties of various biochar types, coal, and coke.
Properties Biochar Coke [40] Coal [41]

Rubber wood char [37] Wood pellets [37] Corn straw [36] Lignin [38] Walnut shell [39]

Proximate Analysis (wt.%)
Moisture content 0.83 1.94 4.7 0.5 5.7 1.34 6
Volatile matter 9.08 11.06 13 41 35.7 10.3 41.5
Fixed carbon 87.49 83.04 72.9 58 56.6 88 39.6
Ash 2.6 3.96 14.1 0.5 1.8 0.4 12.9
Ultimate Analysis (wt.%)
Carbon 87.17 87.32 91.53 75.3 56.57 87 80.7
Hydrogen 1.23 1.43 1.54 5.14 5.2 3.5 5.8
Nitrogen 0.4 0.33 0.7 0.97 1.5 1.1 1.2
Oxygen 11.2 10.9 6.16 18 36.6 0.5 8.7
Sulphur - - - - - 7.9 3.6
Gross Calorific Value(MJ/kg) 30.38 31.07 27.6 30.18 25.54 27.2 20.6
Surface Area (m?/g) 112.6 247.03 25 - 5.89 4.4 4.13
Bulk density (g/cm®) 4.95 5.3 1.4 1.36 1.32 2.01 1.72
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types of biochars (whether from wood or crops) satisfy the fixed carbon
content in coal but not necessarily for coke. This explanation would be
the same for calorific values. In fact, the higher carbon content in the
fuel leads to the higher calorific values. In this way in terms of calorific
value, chars produced by wood and woody biomass can be used in
application of both coal and coke but other kinds of biochars need to be
measured whether they want to be used instead of coke. For instance,
biochars derived from lignin and corn straw show the admissible calo-
rific value to be replaced with coke and coal. However, walnut shell
biochar only can be applied instead of coal.

Regarding to surface area and bulk density, biochar, specially wood-
based biochars have higher porosity and surface area, which these ad-
vantages cause the reactivity of biochar-based fuels would be much
more than coke breeze reactivity. Moreover, it has a significant effect on
the sintering process and its product quality. Indeed, with higher
porosity, iron ore and coke are agglomerated together at lower tem-
perature which leads to lower energy consumption and gas emission
through the sintering process.

It is valuable to consider that the biochar properties are strongly
dependent on its production method. The main technologies which are
employed for biochar production are slow pyrolysis [42,43], fast py-
rolysis [44,45], gasification [46-48], and hydrothermal carbonization
[45,49], with various product yields and carbon contents. Among these
technologies, the most common technology and the most successful one
for high-yielding biochar production is slow pyrolysis [50]. Under the
slow pyrolysis conditions, a biochar yield can be in the range of 25-50 %
[49]. However, in some cases it has been reached to more than 70 %,
depending on the feedstock properties, reactor type as well as the
applied optimal operating conditions [51]. Through the slow pyrolysis,
the temperature is less than 600C, the residence time of the feedstock is
long, the reactor operating at atmospheric pressure and low heating
rates (0.01 to 2.0 'C/s) [52,53]. These conditions allow all the volatile
materials in the biomass to quit the solid char and nearly all the organic
materials will be transformed to biochar as a carbon-rich material
[54,55].

2.2. Potential for biochar in coke-making

Coke is well-known as a very significant and so costly feedstock for
iron and steel production which is attributed with several key objectives.
In term of thermal energy, it is consumed for heat production and
around 80 % of heat demand is supplied by burning of carbon content in
the coke and the rest is attained from the hot blast. As the chemical
objective, coke is consumed for indirect and direct reduction of various
oxides and hot metal carburizing. In view of physical objective, coke
supports the burden descending, enhance the gas circulation and
permeability through the bed, and adsorb dust [56]. So for all these
purposes, coke could not be completely substituted in the coke ovens.
However, partial blending biochar with coal to make bio-coke has been
discussed in a few studied as a feasible option for reducing of coal
consumption in coke-making process [31,57].

To produce bio-coke with sufficient quality, the maximum amount of
biochar that can be mixed with coal is strongly depending on three in-
dicators of fluidity and high temperature indices of coke which are CSR
(e.g., coke strength after reaction) and CRI (e.g., coke reactivity
indicator).

Fluidity, as one of the important indicators for high quality coke
production, specifies the portion of coals-to-coal blends to make a plastic
state. The coal fluidity is in span of 1 ddpm (dial division per minute) for
noncoking coals to 5000 ddpm for hard coking coals. To produce coke
with good quality, the coal blend needs fluidity in the window of
400-1000 ddpm [57,58]. The impact of adding of biochar on the coal
blends fluidity has been studied for different kinds of biomass feed-
stocks. The results show that addition of charcoal usually decreases the
fluidity in the coal-biochar blend and influences on the formation and
stability of the coke matrix. This is mainly due to biochars have no
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tendency to alter to the plastic statue during the coke-making process.
Guerrero and et al., [59] investigated the effect of lignin biochar addi-
tion on variation of fluidity in coking coals. The different charcoal
fractions were added in amounts of 2, 5, 10, and 15 wt% to select high
quality coking coals with a maximum fluidity. They found that growing
the amount of charcoal in the mixture leads to a continuous inverse
exponential reduction in fluidity. Indeed, the coal with a relatively high
fluidity was very sensitive to minimum amount of biochar addition,
losing about half of its fluidity when 5 wt% charcoal was added. So high
amount of fluidity reduction was observed in the range of 51 to 66 wt%
with the concentration of lignin biochar from 5 to 10 wt%. A similar
trend was also noticed for sawdust biochar by Diez and et al., [60].

Two high temperature indicators of CSR and CRI are very important
for the large modern blast furnaces. The modern blast furnaces require
coke with CSR more than 60 % and CRI between 20 and 30 % to improve
the permeability in the upper part of shaft and the combustion process in
the raceway zone [13,61]. According to this matter, the high strength
coke would be very needful for preventing the coke degradation and for
keeping permeable the structure of the blast furnace. Ng and et al., [62]
and Guerrero and et al., [59] studied on the partial substitution of coking
coal with different biochars. They both reported that by adding of bio-
char to the coking coal, the CSR, CRI, and fluidity indices of the coke are
declined and biochar has a negative effect on the quality of output coke.
It can be explained that it is due to tough fusion of inert biochar com-
pounds to the cell wall of the coal during cooking, that diminish the
bonding of the produced coke compounds. Actually, in order to raise the
biochar usage in the coke-making process, addition percentage and
particle size were examined in most studies [63,64] and it was accom-
plished that it requires to keep adding of biochar in the range of 2-10 %
to hinder its unfavorable impacts on the quality of the resulting coke. In
fact, addition of 2 to 10 % biochar to the coal blend, reduces 1-5 % of
CO4 emission in the steel industry which it values 0.02-0.11 ton COy/
ton crude steel [31]. Furthermore, by reducing the biochar‘s particle
size, the CSR and CRI of the coke decline but fluidity slightly improve.
Therefore, the optimal particle size range for biochar was found to be
2-4 mm.

2.3. Potential for biochar in sintering

Sintering process in the steel industry is operated to agglomerate the
iron ore fines (typically less than 8 mm) via primary fusion of small
mineral compounds. This process is carried out by the heat which is
obtained from the coke breeze combustion and distributed uniformly
through the mixture bed. In this way, the iron ore fines become larger,
harder, and more permeable to be appropriate for high pressure and gas
circulation in modern blast furnaces. It is worth to mention that the coke
breeze is the significant fuel utilized in the sintering process and it is
actually the smaller coke in size that is separated from those with larger
sizes by screening after crushing [65].

Throughout the integrated steel plant, the sintering technology oc-
cupies 9-12 % of the overall energy consumption as well as 12 % of the
total greenhouse gas emission [13]. Carbon dioxides are mostly released
through the coke breeze burning and the decomposition of dolomite and
limestone through the process. In addition to the carbon emission, this
step is associated to other kinds of emissions such as sulphur oxides
(SOy) and nitrogen oxides (NOy) [66]. Recently, employment of biochar
as a renewable fuel for replacement with coke breeze has allocated much
more attention since reduction in production costs and GHG emission.
Several researchers have studied on the partial switching of coke breeze
with biochar as an alternative fuel [67,68] and they showed that this
function results in growing of CO and CO; values and decreasing of SO
and NOy values through the exit-gas (Fig. 3). For instance, when biochar
addition increases from 0 % to 50 %, molar percent of CO and COs in-
crease from 1.3 % to 3 % and from 10 % to 12 %, respectively. The
higher CO4 contents in the exit gas are related to more amount of
charcoal is fed to the plant in comparison with the conventional coke
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Fig. 3. Impacts of biochar usage instead of coke breeze on gas emission in sintering process [67].

breeze system. It happens because of more reactivity of biochar and also
to attain the acceptable sinter quality. Furthermore, the less SOy and
NOy contents within the exit-gas is connected to the less values of
sulphur and nitrogen in biochar in contrast to coke breeze.

Biochar can absorb more water compared to the coke breeze along of
much more surface area and more porosity. Indeed, the water saturation
by biochar was examined to be about 48 % whereas it is 25 % for the
coke breeze. This property is associated with negative impacts on the
granulation of iron ore fines in the sintering process. In the case of
biochar replacement, the granulation process consumes more water
percent, about 8.5 %, in contrast to the conventional coke breeze system
that needs about 7.1 % water. Hence, water quantity within the sintering
system need to be modified to make the appropriate permeability
through the bed and to reach the acceptable quality of the output
product [12,69].

In order to investigate the effect of biochar usage instead of coke
breeze on the performance of the sintering process, four important sinter
indices need to be analyzed. These indices include sinter yield (%),
product yield (%), tumbler index (%) and fuel consumption (kg/ton-
sinter). Mousa et al. [69], have studied on various impacts of biochar
addition in the sintering system from 0 % to 100 % by analyzing of the
sinter indices (Fig. 4). Obviously, by increasing of biochar addition to
the sintering process (especially after 25 % increase), the sinter yield is
nearly fixed (about 78 %), the product yield and tumbler index are
greatly reduced in contrast to the fuel consumption that is increased
largely. According to several researches the adequate substitution of
biochar for coke breeze is among 40 % to 60 % to have a sinter product
with enough acceptable quality as well as to keep the product yield more
than 80 % [63,66]. Actually, this range is dependent on the fixed carbon
content in biochar and its size. In other words, biochar with fixed carbon
more than 90 % and size in span of 1-5 mm, could be added around 60 %
to the sintering plant to gain a product yield similar to that attained via
coke breeze. Although, biochar usage within the sintering technology is
not capable to reduce the GHG emissions, the net CO, emission in the
steel industry has been estimated to decrease around 5 to 15 % since
biomass feedstocks are considered as the carbon-neutral energy sources
[70].

90
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Fig. 4. Impacts of biochar addition on sinter indices [69].
2.4. Potential for biochar in blast furnace

The applied blast furnaces in the world are categorized in two groups
of mini blast furnaces (MBF) and conventional large blast furnaces
(LBF). MBFs (capacity in range of 50-350 m?) are generally viewed as
miniature versions of the LBFs (with capacity more than 4000 mg).
These furnaces are ideally suited for small scale operations. They are
basically the forerunner to modern conventional last blast furnaces and
hence they have operated for a longer period of time. MBFs are located
in many countries but the majority of the MBFs are located in China,
India, Brazil and Indonesia. Plant availability as well as the perfection
achieved in this technology has made MBF an accepted route for iron
making. Further, these days, most of the technologies of design,
burdening and operation which have become the norm for today’s
modern large furnaces have also been adopted in MBFs [71].

In recent years, several alternative fuels for decreasing of pulverized
coal (PC) and coke consumption in BF technology were introduced
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which among them, a number of researches investigated on biochar
substitution for PC and coke in BF. Technically, it would be possible to
add up to 200 kg biochar for 1 ton hot metal production [72,73]. In
addition, there is no feasibility and technically limitation for replace-
ment of 100 % coke with biochar in MBFs because the operational height
and top pressure in MBFs are low which these help to biochar to meet the
requirements for strength of burden. However in LBFs, specific charac-
teristics of coke blend are required to create enough strength of burden
and keep the bed permeable that these conditions only can be satisfied
by maximum 20 % substitution [74]. Addition of 20 kg/tHM biochar
with high fixed carbon to BF can lessen the coke usage nearly 30 kg/tHM
because of reduction in reserve area temperature [75]. Addition of 50 to
100 % biochar to the coke blend, reduces 3-7 % of CO, emission in the
steel industry which it values 0.08-0.16 ton COy/ton crude steel [31].

According to the modeling and experimental studies, pulverized coal
injection (PCI) can be fully replaced with biochar in both types of mini
and large blast furnaces [31,70,76,77]. Biochar has a great potential to
be used instead of PCI and it was estimated that 166.7 kg biochar has this
capability to substitute completely 155 kg pulverized coal for 1-ton hot
metal production [77]. As a matter of fact 100 % substitution of PCI with
biochar reduces 19-25 % of CO; emission in the steel plant, accounting
for 0.41-0.55 ton COo/ton crude steel [31]. Alongside the environ-
mental advantageous, biochar usage instead of PCI brings about smaller
slag amount since it contains lower impurity and ash in comparison with
PCI [78].

3. Conclusions

The practical and feasible substitution of coal-based fuels with
renewable biochar can be introduced as an option for CO, reduction in
the steel industry. This study has evaluated the recent researches which
have been accomplished on the biochar application in the steel industry.
The challenges and opportunities for biochar usage in the main energy-
intensive processes in steel production (i.e., coke-making, sintering and
blast furnace) have been studied and finally this work can be concluded
by summarizing the following points:

In view of physicochemical properties, the biochars derived from
wood and woody biomass can meet the requirements for coal and coke
substitution. However, other types of biochars need to be examined for
fixed carbon content (>80 %) and calorific value (>27 MJ/kg) whether
they want to be used instead of coke.

In coke-making process, it is possible to blend biochar with coal to
make bio-coke but it is necessary to keep biochar addition in the range of
2-10 % to hinder its unfavorable impacts on the quality of the output
bio-coke. Adding this range biochar to the coal blend, reduces 1-5 % of
CO5 emission in the steel industry which it values 0.02-0.11 ton COy/
ton crude steel.

In sintering process, the adequate substitution of biochar for coke
breeze is between 40 % and 60 % to have the good quality sinter product
as well as to keep the product yield more than 80 %. Actually, this values
are strongly depending on the fixed carbon content in biochar and its
size range. In other words, biochar with fixed carbon more than 90 %
and size in the span of 1-5 mm, could be added till 60 % to the sintering
plant to gain a product yield similar to that attained via coke breeze.

In blast furnace technology, biochar has the highest potential to be
substituted completely with pulverized coal injection and partially
replacement with coke in large blast furnaces. Indeed, the specific
properties of coke blend is required to create enough strength of burden
and keep the bed permeable that this condition only can be satisfied by
maximum 20 % substitution. Biochar has a great potential to be used
instead of PCI and the maximum injection rate of biochar was in the
range of 200-220 kg/tHM, showing the potential to reduce the CO2
emissions by 25 %.

Fuel 339 (2023) 127401
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

[1] Safarian S, Unnthorsson R, Richter C. Techno-economic analysis of power
production by using waste biomass gasification. J Power Energy Eng 2020;8(06):1.

[2] Safarianbana S, Unnthorsson R, Richter C. Development of a new stoichiometric
equilibrium-based model for wood chips and mixed paper wastes gasification by
ASPEN Plus. ASME International Mechanical Engineering Congress and Exposition.
59438. American Society of Mechanical Engineers; 2019:VO06T06A2.

[3] Safarian S, Unnthorsson R, Richter C. The equivalence of stoichiometric and non-
stoichiometric methods for modeling gasification and other reaction equilibria.
Renew Sustain Energy Rev 2020;131:109982.

[4] Chris S-W. “An all-hands-on-deck moment” — greater urgency for fossil fuel
alternatives than ever; May 2022. Available from: Last see at 25 Aug 2022
<https://journeytozerostories.neste.com/renewable-solutions/fossil-fuel-
alternatives?gclid=CjwKCAjwu5yYBhAjEiwAKXk_eI5SrxOM8NSC71Ww-
RLUOA8V33Y8WrfAJr5K6VOMXEhLuLQgr735y3x0Cvo0QAvVD_BwWE#4¢76f3d3>.

[5] Valavanidis A. The shift to diesel fuel engines and how the emission scandal of
diesel vehicles unfolded. World Energy Consump Transp Sect 2018;1:1-26.

[6] RenL, ZhouS, Peng T, Ou X. A review of CO2 emissions reduction technologies and
low-carbon development in the iron and steel industry focusing on China. Renew
Sustain Energy Rev 2021;143:110846.

[7] Steel Production by Country 2022; 2022. Available from: Last seen at 25 Aug 2022
<https://worldpopulationreview.com/country-rankings/steel-production-by-
country>.

[8] Holappa L. A general vision for reduction of energy consumption and CO2
emissions from the steel industry. Metals 2020;10(9):1117.

[9] IEA. Energy consumption in the iron and steel sector by scenario; 2022. Available
from: https://www.iea.org/data-and-statistics/charts/energy-consumption-in-the-
iron-and-steel-sector-by-scenario, IEA. Licence: CC BY 4.0.

[10] Dnv. ENERGY TRANSITION OUTLOOK 2022: A global and regional forecast to
2050. Norway: DNV AS; 2022.

[11] IEA. Direct CO2 emissions in the iron and steel sector by scenario, 2019-2050;
2022. Available from: https://www.iea.org/data-and-statistics/charts/direct-co2-
emissions-in-the-iron-and-steel-sector-by-scenario-2019-2050, IEA. Licence: CC BY
4.0.

[12] Khanna R, Li K, Wang Z, Sun M, Zhang J, Mukherjee PS. Biochars in iron and steel
industries. Char and Carbon Materials Derived from Biomass. Elsevier; 2019, p.
429-46.

[13] Ye L, Peng Z, Wang L, Anzulevich A, Bychkov I, Kalganov D, et al. Use of biochar
for sustainable ferrous metallurgy. JOM 2019;71(11):3931-40.

[14] Dilmac OF, Dilmac N, Doruk ET. Performance of electric arc furnace slag as oxygen
carrier in chemical-looping combustion process. Fuel 2020;265:117014.

[15] Behera P, Bhoi B, Paramguru R, Mukherjee P, Mishra B. Hydrogen plasma smelting
reduction of Fe203. Metall Mater Trans B 2019;50(1):262-70.

[16] Meier T. Modellierung und Simulation des Elektrolichtbogenofens (Dissertation).
Faculty of Georessources and Materials Engineering, RWTH Aachen University,
Aachen, Germany 2016.

[17] Hay T, Visuri V-V, Aula M, Echterhof T. A review of mathematical process models
for the electric arc furnace process. Steel Res Int 2021;92(3):2000395.

[18] Burchart-Korol D. Life cycle assessment of steel production in Poland: a case study.
J Clean Prod 2013;54:235-43.

[19] Safarian S, Unnthorsson R, Richter C. Simulation of small-scale waste biomass
gasification integrated power production: a comparative performance analysis for
timber and wood waste. Int J Appl Power Eng (IJAPE) 2020;09(02):147-52.

[20] Safarian S, Unnthorsson R, Richter C. Hydrogen production via biomass
gasification: simulation and performance analysis under different gasifying agents.
Biofuels 2021:1-10.

[21] Safarian S, Bararzadeh M. Exergy analysis of high-performance cycles for gas
turbine with air-bottoming. J Mech Eng Res 2012;5(2):38-49.

[22] Safarian S, Unnthorsson R, Richter C. Performance analysis of power generation by
wood and woody biomass gasification in a downdraft gasifier. J Appl Power Eng
2021;10:80-8.

[23] Wijayanta AT, Alam MS, Nakaso K, Fukai J, Kunitomo K, Shimizu M.
Combustibility of biochar injected into the raceway of a blast furnace. Fuel Process
Technol 2014;117:53-9.

[24] Wijayanta AT, Alam MS, Nakaso K, Fukai J, Kunitomo K, Shimizu M. Numerical
study on pulverized biochar injection in blast furnace. ISIJ Int 2014;54(7):1521-9.

[25] Cardarelli A, De Santis M, Cirilli F, Barbanera M. Computational fluid dynamics
analysis of biochar combustion in a simulated ironmaking electric arc furnace. Fuel
2022;328:125267.


http://refhub.elsevier.com/S0016-2361(23)00014-5/h0005
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0005
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0015
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0015
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0015
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0025
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0025
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0030
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0030
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0030
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0040
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0040
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0050
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0050
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0065
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0065
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0070
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0070
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0075
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0075
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0085
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0085
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0090
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0090
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0095
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0095
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0095
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0100
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0100
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0100
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0105
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0105
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0110
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0110
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0110
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0115
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0115
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0115
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0120
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0120
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0125
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0125
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0125

S. Safarian

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Safarian S, Rydén M, Janssen M. Development and Comparison of Thermodynamic
Equilibrium and Kinetic Approaches for Biomass Pyrolysis Modeling. Energies
2022;15(11):3999.

Ning X, Liang W, Wang G, Xu R, Wang P, Zhang J, et al. Effect of pyrolysis
temperature on blast furnace injection performance of biochar. Fuel 2022;313:
122648.

Renzulli PA, Notarnicola B, Tassielli G, Arcese G, Di Capua R. Life cycle assessment
of steel produced in an Italian integrated steel mill. Sustainability 2016;8(8):719.
Jeffery J, Vay J. Iron and Steel Industry Particulate Emissions: Source Category
Report. Iron Steel 1986;5:33-100.

Zervas T, McMullan J, Williams B. Developments in iron and steel making. Int J
Energy Res 1996;20(1):69-91.

Mathieson JG, Rogers H, Somerville M, Ridgeway P, Jahanshahi S. Use of biomass
in the iron and steel industry—an Australian perspective. EECR-METEC InSteelCon
2011:1.

Pardo N, Moya JA. Prospective scenarios on energy efficiency and CO2 emissions
in the European Iron & Steel industry. Energy 2013;54:113-28.

Suopajérvi H, Umeki K, Mousa E, Hedayati A, Romar H, Kemppainen A, et al. Use
of biomass in integrated steelmaking-Status quo, future needs and comparison to
other low-CO2 steel production technologies. Appl Energy 2018;213:384-407.
Babich A, Senk D. Biomass use in the steel industry: back to the future. Stahl Eisen
2013;133(5):57-67.

Motta IL, Miranda NT, Maciel Filho R, Maciel MRW. Biomass gasification in
fluidized beds: A review of biomass moisture content and operating pressure
effects. Renew Sustain Energy Rev 2018;94:998-1023.

Delgado R, Rosas JG, Gémez N, Martinez O, Sanchez ME, Cara J. Energy
valorisation of crude glycerol and corn straw by means of slow co-pyrolysis:
production and characterisation of gas, char and bio-oil. Fuel 2013;112:31-7.
Halim SA, Swithenbank J. Characterisation of Malaysian wood pellets and
rubberwood using slow pyrolysis and microwave technology. J Anal Appl Pyrol
2016;122:64-75.

Farrokh NT, Suopajarvi H, Mattila O, Umeki K, Phounglamcheik A, Romar H, et al.
Slow pyrolysis of by-product lignin from wood-based ethanol production-A
detailed analysis of the produced chars. Energy 2018;164:112-23.

Gupta S, Gupta GK, Mondal MK. Slow pyrolysis of chemically treated walnut shell
for valuable products: Effect of process parameters and in-depth product analysis.
Energy 2019;181:665-76.

Shin J-H, Lee L-S, Lee S-H. Economic Assessment of a Indirect Liquefaction Process
Using a Gasification with Petroleum Coke/coal Mixtures. Korean Chem Eng Res
2016;54(4):501-9.

Borah D, Baruah M, Haque I. Oxidation of high sulphur coal. Part 1.
Desulphurisation and evidence of the formation of oxidised organic sulphur
species. Fuel 2001;80(4):501-7.

Li S, Chan CY, Sharbatmaleki M, Trejo H, Delagah S. Engineered Biochar
Production and Its Potential Benefits in a Closed-Loop Water-Reuse Agriculture
System. Water 2020;12(10):2847.

Suliman W, Harsh JB, Abu-Lail NI, Fortuna A-M, Dallmeyer I, Garcia-Perez M.
Influence of feedstock source and pyrolysis temperature on biochar bulk and
surface properties. Biomass Bioenergy 2016;84:37-48.

Laghari M, Hu Z, Mirjat MS, Xiao B, Tagar AA, Hu M. Fast pyrolysis biochar from
sawdust improves the quality of desert soils and enhances plant growth. J Sci Food
Agric 2016;96(1):199-206.

Enaime G, Bacaoui A, Yaacoubi A, Liibken M. Biochar for wastewater
treatment—conversion technologies and applications. Appl Sci 2020;10(10):3492.
Safarian S, Unnthorsson R, Richter C. Simulation and performance analysis of
integrated gasification-syngas fermentation plant for lignocellulosic ethanol
production. Fermentation 2020;6(3):68.

Safarianbana S. Simulation of a Small Scale Biowaste Gasification System for
Energy Production. 2021.

Safarian S, Ebrahimi Saryazdi SM, Unnthorsson R, Richter C. Gasification of Woody
Biomasses and Forestry Residues: Simulation, Performance Analysis, and
Environmental Impact. Fermentation 2021;7(2):61.

Chi NTL, Anto S, Ahamed TS, Kumar SS, Shanmugam S, Samuel MS, et al. A review
on biochar production techniques and biochar based catalyst for biofuel production
from algae. Fuel 2021;287:119411.

Manya JJ, Azuara M, Manso JA. Biochar production through slow pyrolysis of
different biomass materials: Seeking the best operating conditions. Biomass
Bioenergy 2018;117:115-23.

Hernandez-Mena LE, Pécoraa A, Beraldob AL. Slow pyrolysis of bamboo biomass:
analysis of biochar properties. Chem Eng 2014;37.

[52]
[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

Fuel 339 (2023) 127401

Sohi S, Lopez-Capel E, Krull E, Bol R. Biochar’s roles in soil and climate change: A
review of research needs. CSIRO Land Water Sci Rep 2009;5(09):1-57.

Duku MH, Gu S, Hagan EB. Biochar production potential in Ghana—A review.
Renew Sustain Energy Rev 2011;15(8):3539-51.

Wang D, Jiang P, Zhang H, Yuan W. Biochar production and applications in agro
and forestry systems: A review. Sci Total Environ 2020;723:137775.

Weinstetn M, Broido A. Pyrolysis-crystallinity relationships in cellulose. Combust
Sci Technol 1970;1(4):287-92.

Diez M, Alvarez R, Barriocanal C. Coal for metallurgical coke production:
predictions of coke quality and future requirements for cokemaking. Int J Coal Geol
2002;50(1-4):389-412.

Schwarz M, Babich A, Senk D, Sadiku V, Gbadebo P. Usage of biomass in
Cokemaking. Proceedings of the 5th International Conference on Process Development
in Iron and Steelmaking (SCANMET V), Luled, Sweden. 2016:12-5.

Kumar PP, Barman S, Singh S, Ranjan M. Influence of coal fluidity on coal blend
and coke quality. Ironmak Steelmak 2008;35(6):416-20.

Guerrero A, Diez MA, Borrego AG. Influence of charcoal fines on the thermoplastic
properties of coking coals and the optical properties of the semicoke. Int J Coal
Geol 2015;147:105-14.

Diez M, Alvarez R, Fernandez M. Biomass derived products as modifiers of the
rheological properties of coking coals. Fuel 2012;96:306-13.

Mathieson JG, Rogers H, Somerville MA, Jahanshahi S, Ridgeway P. Potential for
the use of biomass in the iron and steel industry. Proc Chem 2011:18-21.

Ng KW, Giroux L, MacPhee T, Todoschuk T. Incorporation of charcoal in coking
coal blend-A study of the effects on carbonization conditions and coke quality.
Proceedings of the AISTech 2012:225-36.

Kawaguchi T, Hara M. Utilization of biomass for iron ore sintering. ISIJ Int 2013;53
(9):1599-606.

Suopajarvi H, Dahl E, Kemppainen A, Gornostayev S, Koskela A, Fabritius T. Effect
of charcoal and Kraft-lignin addition on coke compression strength and reactivity.
Energies 2017;10(11):1850.

Gu F, Zhang Y, Li G, Zhong Q, Luo J, Su Z, et al. Effective preparation of blast
furnace burdens from superfine iron concentrates by composite agglomeration
process. Ironmak Steelmak 2020;47(8):908-14.

Fan X, Ji Z, Gan M, Chen X, Yin L, Jiang T. Characteristics of prepared
coke-biochar composite and its influence on reduction of NOx emission in iron ore
sintering. ISIJ Int 2015;55(3):521-7.

Lu L, Adam M, Kilburn M, Hapugoda S, Somerville M, Jahanshahi S, et al.
Substitution of charcoal for coke breeze in iron ore sintering. ISIJ Int 2013;53(9):
1607-16.

Gan M, Fan X, Chen X, Ji Z, Lv W, Wang Y, et al. Reduction of pollutant emission in
iron ore sintering process by applying biomass fuels. ISIJ Int 2012;52(9):1574-8.
Mousa E, Babich A, Senk D. Iron ore sintering process with biomass utilization. In:
Proceedings of the METEC and 2nd European Steel Technology and Application
Days Conference (METEC and 2nd ESTAD); 2015. p. 1-13.

Mathieson J, Norgate T, Jahanshahi S, Somerville M, Haque N, Deev A, et al. The
potential for charcoal to reduce net greenhouse gas emissions from the Australian
steel industry. 2012.

Kumar Sarna S. Mini Blast Furnace and Iron making; 2016. Available from: https://
www.ispatguru.com/mini-blast-furnace-and-iron-making/.

Birat J-P, Hanrot F, Danloy G. CO {sub 2} mitigation technologies in the steel
industry: a benchmarking study based on process calculation. 2004.

NOLDIN J. Energy efficiency and CO2 reduction in the Brazil steel industry. METEC
InsteelCon 2011, 1 st International Conference on Energy Efficiency and CO2 Reduction
in the Steel Industry. 2011.

Fick G, Mirgaux O, Neau P, Patisson F. Using biomass for pig iron production: A
technical, environmental and economical assessment. Waste Biomass Valoriz 2014;
5(1):43-55.

Hanrot F, Sert D, Delinchant J, Pietruck R, Biirgler T, Babich A, et al. CO2
mitigation for steelmaking using charcoal and plastics wastes as reducing agents
and secondary raw materials. 2009.

Wang C, Larsson M, Lovgren J, Nilsson L, Mellin P, Yang W, et al. Injection of solid
biomass products into the blast furnace and its potential effects on an integrated
steel plant. Energy Proc 2014;61:2184-7.

Wang C, Mellin P, Lovgren J, Nilsson L, Yang W, Salman H, et al. Biomass as blast
furnace injectant-Considering availability, pretreatment and deployment in the
Swedish steel industry. Energ Conver Manage 2015;102:217-26.

Suopajarvi H. Bioreducer use in blast furnace ironmaking in Finland. Techno-
economic assessment 2014.


http://refhub.elsevier.com/S0016-2361(23)00014-5/h0130
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0130
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0130
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0135
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0135
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0135
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0140
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0140
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0145
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0145
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0150
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0150
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0155
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0155
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0155
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0160
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0160
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0165
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0165
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0165
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0170
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0170
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0175
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0175
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0175
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0180
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0180
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0180
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0185
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0185
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0185
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0190
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0190
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0190
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0195
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0195
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0195
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0200
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0200
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0200
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0205
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0205
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0205
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0210
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0210
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0210
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0215
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0215
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0215
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0220
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0220
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0220
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0225
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0225
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0230
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0230
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0230
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0240
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0240
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0240
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0245
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0245
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0245
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0250
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0250
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0250
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0255
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0255
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0260
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0260
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0265
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0265
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0270
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0270
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0275
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0275
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0280
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0280
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0280
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0290
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0290
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0295
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0295
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0295
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0300
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0300
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0305
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0305
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0315
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0315
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0320
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0320
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0320
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0325
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0325
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0325
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0330
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0330
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0330
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0335
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0335
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0335
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0340
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0340
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0345
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0345
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0345
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0370
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0370
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0370
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0380
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0380
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0380
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0385
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0385
http://refhub.elsevier.com/S0016-2361(23)00014-5/h0385

	To what extent could biochar replace coal and coke in steel industries?
	1 Introduction
	2 Potential of biochar usage in iron and steel manufactures
	2.1 Comparison of physicochemical properties of biochar with coal and coke
	2.2 Potential for biochar in coke-making
	2.3 Potential for biochar in sintering
	2.4 Potential for biochar in blast furnace

	3 Conclusions
	Declaration of Competing Interest
	Data availability
	References


