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Abstract: The article presents results of the research on the use of chars produced during pyrolysis of
residual biomass as a substitutional fuel in the iron ore sintering process. Such an approach allows to
implement circular economy and industrial symbiosis to the iron and steel branches. The effect of the
substitution of conventional coke breeze fuel used in sintering on final sinter quality and emission
was examined. With regard to productivity, fuel consumption, and properties of the sinter it was
shown that the share of tested biochars in fuel may be kept at 10, and up to 30 wt.%, depending on
the biochar type. It was observed that with the use of the biochars, the content of iron oxide in the
sinter decreased, which was advantageous. Moreover, the sinter obtained in the presence of biochars
was characterized with better strength and abrasion than the sinter obtained with coke breeze-based
fuel, improving the final product quality. The presence of biochar influenced the raw exhaust gas
composition and resulted in a slight increase of organic and inorganic carbon compounds content,
while the amount of sulfur oxides was noticeably decreased. It was concluded that the biochars may
be applied in the sintering process at established share in the fuel stream.

Keywords: pyrolysis; residual biomass; biochar; substitutional fuel; environmental effect

1. Introduction

Nowadays, the concept of circular economy has become the fundamental economy
model of developed regions, and it is spread and intensively implemented all over the
world [1,2]. One of its most important aspects is to increase the rate of reuse, recycling,
and recovery of resources, which allows for the optimum utilization of available raw
materials, residues, and wastes and results in energy saving and reduction of environmental
emissions, especially greenhouse gases (GHGs) to the atmosphere [3]. Due to this fact,
actions related with the circular economy approach are also implemented to metallurgical
processes, which are regarded as some of the most energy-demanding and materials-
consuming industrial branches. Early studies on the circular economy in iron and steel
enterprises discuss the evaluation of cleaner production, further supplemented with the
concept of “efficiency” introduced to evaluate the level of the circular economy. These
include both overall resource efficiency and iron resource efficiency [4].

There are two main routes of steel production of industrial importance currently used
worldwide. A total of 70% of the world steel is produced by the route of blast furnace (BF),
in which iron ore is reduced to pig iron, followed by pig iron conversion into steel in a
basic oxygen furnace (BOF). Inputs of this route are mainly iron ore, coal, limestone, and,
to a much lower extent, steel scrap. The second route, within which 30% of the world’s
steel is produced, is based on the electric arc furnace (EAF), which involves scrap steel
as feedstock as well as electricity as energy source [5]. Additionally, in this route, carbon
sources are of great importance, as, in modern electric arc furnaces, the share of energy
input from fossil fuels such as natural gas and coal is over 40% of the total energy input.
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Solid carbon sources, such as coal, petrol, coke, etc., are used in the EAF as slag foaming
agents [6].

Significant efforts and commitments are undertaken within both European and world-
wide activities in steel industry by introducing innovative actions on high-performance
products and increasing process efficiency by also reducing its environmental impacts [5].
For example, the use of residual coke structural fractions in the blast furnace (BF) process
is commonly implemented in the sector. In the case of the iron ore sintering process, there
are preliminary actions related with the possibility of recovery of iron from zinced blast
furnace or basic oxygen furnace slurries or their reuse in other industrial branches. Other
actions are focused on the use of novel fuels suitable to substitute conventional fossil
fuels currently used in iron ore sintering processes [7–13]. The latter is in agreement with
the creation of industrial symbiosis (IS), targeted on the development of synergy routes
between different sectors. Through the IS concept implementation, byproducts, residues,
or wastes from one sector (e.g., agriculture, biomass processing) may become valuable
feedstocks to other sectors (e.g., iron and steel production) [5].

The sintering process is an important raw material preparation step for the production
of hot metal in blast furnaces [14]. It is a thermal agglomeration process (1300–1480 ◦C) of
a mixture of iron ore mineral fines (0.5–8.0 mm) and other materials, such as byproducts
of the iron and steelmaking industry, fluxes, slag-forming elements, and fossil fuels (coke
breeze, i.e., the fraction of coke of the smallest grain size below 12 mm). The objective
of the process is to obtain a load (12–35 mm) with the suitable physical–chemical and
mechanical properties, which can be further processed in a blast furnace to produce pig
iron [15]. Sintering is the most economic and widely used agglomeration process to prepare
iron ore fines for blast furnace use. Compared with pellets, production of sinter is cheaper,
and compared with lump ore, fluxed sinter is often more reducible with better softening
characteristics [14].

Sintering is an energy-intensive (1.4–2.6 MWh/t [16]) and complex process, in which
a number of parameters have to be taken into account [17]. The basic fuel for the iron ore
sintering process is coke breeze (CB), the use of which can be supported by substitutional
fuels, e.g., anthracite [18]. However, the number of actions dedicated to substitution
of conventional fuels by other ones, preferably of renewable or bio (or generally green)
features, are taken. Among them, chars derived from residual biomass, formed during
pyrolysis of selected feedstocks (biodegradable residues or wastes), are of high interest.
Pyrolysis is a thermal process during which organic substances, at the absence of oxygen,
are thermochemically processed to gaseous, liquid, and solid products. Hence, in the
case of residues, their transformation to useable materials, e.g., a fuel for metallurgical
process, takes place, and thus such the processing of residues fully agrees with the circular
economy concept.

Residual biomass, especially from the agricultural sector, is regarded as a valuable,
renewable energy source. European agriculture annually generates 442,000 Gg of residues
(dry matter), which correspond to 46% of overall agriculture biomass production. Most of
the residues are generated during production of cereals (74% of total agricultural residue
production) and oil-bearing crops (17%). The main producers of residual biomass in
Europe are France (83,600 Gg/year, dry matter), Germany (59,200 Gg/year, dry matter),
and Poland (45,500 Gg/year, dry matter). In the case of the use of biomass for energetic
purposes, agricultural biomass in Europe represents 27% of the overall biomass supply [19].
It is estimated that Polish resources of biomass, which could be used as a renewable
energy source, could deliver 835 PJ/year (overall biomass potential), while nowadays they
deliver 263 PJ/year [20]. The unfavorable features of biomass, such as poor grinding
capability, low energy density, high moisture content, irregular structure (shape and
size), and non-uniform composition, usually limit its direct use as a fuel, especially in
metallurgical processes.

It has been shown that the direct utilization of biomass for replacement of coal in iron
and steel processes is affected by improper storage and unavailability of technological
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developments required for biomass fuel. Additionally, high moisture content lowering
the biomass heating value is also disadvantageous, while it can be improved by proper
storage and pretreatment section. Conversion methods should also be considered in order
to enable the use of any type of biomass [17]. There are also some other disadvantages
related with the composition and properties of biomass, which include high oxygen content
in biomass, presence of water-soluble fractions, alkaline, and halogen elements, and some
hazardous trace elements, also connected with highly variable composition and properties
of biomass. Another issue is the indefinite availability of sustainable biomass resources [21].
In literature, there is research focused on technological, economic, and environmental
analysis of substitution of coke breeze (CB) with raw biomass in the iron ore sintering
process. The impact of the biomass share in sintering mixture on process parameters and
final sinter quality has been investigated. It was found that the addition of biomass up to
10 wt.% in fuel (as the substitute of CB) resulted in the decrease of permeability, and thus
in the decrease of the process capacity. Moreover, the increase of overall fuel consumption
(coke breeze and biomass) was observed, which adversely affected the economy of the
process. The increase of CO2, CO, and NOx in exhaust gases was also observed. Hence, it
was concluded that the use of raw biomass in the sintering process was inefficient [22–24].

One of the methods enabling the improvement of biomass properties and, thus,
increasing the rate of the residual biomass utilization as a fuel is its pyrolysis. The main
benefits gained by the process are the increase of calorific value, the decrease of transport
and storage costs, and the reduction of energy consumption required for grinding and
milling. Biomass pyrolysis allows to decrease the moisture content below 3 wt.%, while the
calorific value and carbon content are increased by 15–25 wt.%, which makes the produced
(bio)char far more attractive than the feedstock used to its production [25].

The biomass-derived chars have great potential in lowering the net CO2 emissions of
integrated (BF–BOF route) steel plants. The properties of chars produced by pyrolysis of
biomass can be tailored in regard to the further application and supplementing stream (e.g.,
coke breeze for sintering, coal blend for cokemaking, coal injectant for the blast furnace,
recarburizing of steel, etc.), thus resulting in optimal performance and greater value-in-use
of the char [26]. Moreover, it would be a circular “return to basic”, as, at the beginning
of iron, and the next steel manufacture, this was biomass, which was used as a fuel for
the process. However, the industrialization era made hard coal to be a so-far unbeatable
material commonly applied in the metallurgical industry [27].

The substitution of CB with residual biomass char (or other bio residual/waste stream)
in iron ore sintering processes can be the next step toward circular economy implementa-
tion [3]. The char formed during pyrolysis of bioresidues is characterized by significant
carbon content, even up to 80 wt.%, which is comparable with the C content in CB. This
feature makes the material suitable for iron sintering processes. However, in order to
substitute coke breeze with the (bio)char, the latter should also be characterized by low
content of both volatile matter and ash. The preliminary research on the substitution of
conventional fuels with biomass and biomass-derived materials are already available in the
literature. There are several aspects which need to be taken into account while evaluating
chars derived from biomass toward their use in iron sintering. These include composition,
especially content of chlorine, alkali, and volatile matter, as well as emission.

The research on the impact of fuel mixture comprised of wood charcoal (WdCh),
sawdust (SD), and coke breeze (CB) on final sinter quality and usability in metallurgical
processes was carried out in [28]. It was shown that the share of SD in fuel streams compris-
ing SD and CB should not exceed 10 wt.%, while in the case of WdCh–CB and WdCh–SD–
CB fuel mixtures, the shares could be 30 wt.% –70 wt.% and 20 wt.% –10 wt.% –70 wt.%,
respectively. The research also showed that the complete substitution of CB with biomass-
derived fuel was not possible because of the low energy density values. However, at the
established substitutional fuel content, the properties of final sinter fulfilled the required
quality standards [29]. In another study, the phase composition of sinters obtained by
replacing a part of coke breeze (CB) with charcoal (Ch) or walnut shell (WnSh) substitute
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was examined. The stream of fuel applied in the research comprised of CB and 44 and
86 wt.% of Ch or 35 and 42 wt.% of WnSh. It was shown that the replacement of part of the
CB in the sintering mixture with the biomass-based fuels changed the sintering conditions,
which led to the change in ratio of some phases. However, regarding the composition of
the final sinter, it was concluded that the use of studied fuels had no negative impact on
the phase composition of produced sinters [30].

Research involving raw biomass and different biochars as substitutional fuels for the
sintering process were also carried out together with investigation on the use of bituminous
coal, pitch, and graphite for this purpose. According to the results, the obtained sinter was
characterized by the desired quality, similar to one obtained with the use of coke breeze.
However, it was found that, due to environmental emissions, the raw biomass could not be
directly applied as a fuel for the sintering process, as its use would require the additional
exhaust gas cleaning installation. The application of char, on the other hand, was more
beneficial, as it improved the efficiency of the process while it limited the emission of NOx,
SOx, and dusts. Nevertheless, biomass-derived char required additional monitoring of
granulometric composition and moisture content, as the rate of its combustion could be
too high [22].

As the raw biomass is shown to be unsuitable substitutional fuel for iron ore sintering,
the pyrolyzed residual biomass can be considered for this purpose. However, one must
take into account the type of the raw biomass, its affinity to and composition after pyrolysis,
and its impact on sintering process emissions. In the article, the results of the research
on the use of chars produced by pyrolysis of residual biomass (biochars) as a substitute
of coke breeze in the iron sintering process are presented. Three types of biomass were
examined, i.e., pelletized sawmill sawdust (SDP), woodchips (WdC), and sunflower husks
(SH). The effect of the alternative fuel impact on both sinter quality and usability in the
metallurgical process, as well as environmental emissions, was checked. With regard to
the latter, the system for exhaust gas cleaning was tested in relation to emission limitation.
Moreover, processes involved in the research, i.e., biomass pyrolysis and iron ore sintering
with the use of biochars, were carried out in pilot and semi-industrial-scale installations,
respectively, to effectively simulate actual conditions and assess the obtained results. The
improvement of environmental effects in the form of GHGs emission limitation in the
proposed solution results from the fact that conventional fossil fuel-derived carbon is
substituted with carbon of biomass origin. Hence, the limitation is proportional to the
share of substitutional fuel in the sintering fuel stream. The same approach is stated for the
pyrolysis process. The emission, which results from the combustion of volatile components
released from biomass during pyrolysis (the energy source of the pyrolysis process), is also
regarded as the emission from renewable sources.

2. Materials and Methods
2.1. Preparation of Chars from Residual Biomass in Pilot-Scale Pyrolysis

Residual sawmill sawdust (pelletized) (SDP), residual woodchips (WdC), and sun-
flower husks (SH) were used as feedstocks for biochars preparation. The characteristics of
raw biomass materials are presented in Table 1.

Residual biomass chars were produced in pilot installation for conversion of solid
fuels in a circulating fluidized bed, located in the Clean Coal Technologies Centre of the
Institute for Chemical Processing of Coal (Zabrze, Poland) [31]. A photograph of part of
the installation is shown in Figure 1. The pyrolysis of biomass of grain size <10 mm was
carried out in temperature ~800 ◦C and with a capacity of ~100 kg of biomass/h.
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Table 1. Characteristics of feedstock biomass materials used in the research.

Parameter Residual Sawmill Sawdust
(Pellets) (SDP)

Residual
Woodchips (WdC)

Sunflower
Husks (SH)

as Delivered

Grain size, mm <10 mm <10 mm <10 mm
Moisture content, wt.% 41.7 22.1 9.60

Ash content, wt.% 8.61 0.33 3.90
Volatile matter content, wt.% 29.7 64.8 66.7
Fixed carbon content, wt.% 20.0 12.8 19.8

Elemental Composition, wt.%

Dry State

C 59.4 51.4 53.8
H 4.81 5.36 6.02
N 0.68 0.21 0.94
S 0.19 0.02 0.14

O (calculated) 34.9 43.0 39.0
Cl 0.029 0.037 0.086
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Figure 1. A photograph of part of the installation for solid fuels pyrolysis, located in the IChPW.

In the testing installation, due to the high flue gas velocities (5–10 m/s), part of the
fluidized bed material (residual biomass) is lifted from the reactor by a riser pipe and, after
being separated in a cyclone (which is an integral part of the system), it is returned to the
bottom part of the reactor. Such implementation of the process allows for a significant
increase in efficiency, an improvement of a fuel conversion rate, and a reduction of tar
content in the generated gas.

2.2. Semi-Industrial-Scale Iron Ore Sintering Process

An iron ore sintering process was carried out in a semi-industrial-scale installation
equipped with an exhaust gas neutralization system owned by the Łukasiewicz Research
Network—Institute for Ferrous Metallurgy. The scheme of the installation is shown in
Figure 2 [32].
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Figure 2. The scheme of the semi-industrial-scale installation for sintering of iron ores and wastes.

The semi-industrial sintering installation comprises a sintering site equipped with
sintering pans of working height 550 and 300 mm and an ignition furnace of power 250 kW.
The gas cleaning process is carried out using a catalytic ceramic filter of high thermal
resistance, which allows for cleaning of gases of temperature up to 400 ◦C. The filter
(Figure 2(14)) is additionally equipped with a sorbent dosing system for the improved
neutralization of harmful gas components (Figure 3). In the current research, hydrated
lime sorbent (HLS) (CAS 1305-62-0) was used.

Sintering process tests were carried out with the use of all procedures and conditions
applied for industrial sintering belts operated at integrated steel plants, i.e., the composition
of sintering mixture, the retention time in ignition furnace, underpressure, the sintering
mixture height, calcium oxide addition, mixture basicity, and amount of sinter return.
A sintering mixture of the following parameters was used: the ratio of hematite ore to
magnetite concentrate—0.82, basicity (CaO/SiO2)—1.2, and magnesium oxide (MgO)
content—1.3 wt.%.

In Table 2, the chemical composition of particular components of the sintering mixture
used in the research is shown, while in Table 3, the final properties of the sintering mixtures
used in the tests are presented.
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Table 2. Chemical composition of sintering mixture components.

Component Fe,
wt.%

Fe2+,
wt.%

SiO2,
wt.%

CaO,
wt.%

Al2O3,
wt.%

MgO,
wt.%

S,
wt.%

K2O,
wt.%

Na2O,
wt.%

Cl,
wt.%

Zn,
wt.%

Hematite ore 61.7 0.57 9.97 0.081 0.68 0.120 0.012 0.013 0.21 0.24 0.006
Magnetite concentrate 65.7 27.00 8.00 0.140 0.17 0.351 0.035 0.021 0.027 0.014 0.003

Burnt lime 0.63 0.00 0.50 95.40 0.07 0.30 0.000 0.0 0.0 0.0 0.02
Limestone 1.25 0.50 0.94 53.92 0.34 0.59 0.149 0.0 0.0 0.0130 0.01
Dolomite 2.21 0.80 0.86 31.60 0.19 20.3 0.030 0.0 0.0 <0.010 0.1

Table 3. Final properties of the sintering mixtures used in the tests.

Parameter Unit Comparative Sinter, 100% of
Coke Breeze in the Fuel

Biochar from Residual
Pelletized Sawdust

Biochar from Residual
Wood Chips

Biochar from
Sunflower Husks

Low
Share High Share Low

Share
High
Share

Low
Share

High
Share

Hematite ore kg 46.99 47.02 47.04 47.05 47.02 47.05 47.05
Magnetite concentrate kg 59.91 59.95 59.98 60.00 59.96 60.00 60.00

Limestone kg 16.90 16.91 16.92 16.92 16.91 16.92 16.92
Dolomite kg 5.44 5.45 5.45 5.45 5.45 5.45 5.45

Burnt lime kg 1.87 1.87 1.87 1.87 1.87 1.87 1.87
Returned sinter kg 56.16 56.20 56.22 56.24 56.20 56.24 56.24

Fuel—coke breeze kg 6.12 5.39 4.73 5.28 4.78 5.28 4.69
Fuel—biochar kg 0.00 0.64 1.26 0.62 1.25 0.71 1.43

Fuel share in mixture wt.% 4.91 4.80 4.73 4.69 4.78 4.69 4.69
Moisture content in mixture wt.% 6.92 6.94 6.95 6.91 6.92 6.89 6.92

Permeability (flow resistance) s 5.40 5.40 5.20 5.30 5.33 5.30 5.40

Sintering tests were carried out using fuel mixtures (i.e., biochar and coke breeze) of
low (~12.3 wt.%) and high (~27.8 wt.%) average shares of biochars, as well as with the use
of fuel stream composed of only coke breeze. The determination of physicochemical proper-
ties of materials (sintering mixtures and sinters) was performed using standards including:

• BN-84/0604-13—Determination of physical properties of iron ores, their concentrates,
sinters, and lumps. Samples collection and preparation.

• ISO-4701:2019—Iron ores and direct reduced iron—determination of size distribution
by sieving.

• PN-ISO 3082:2002—Iron ores—procedures for samples collection and preparation.
• PN-93/H-04062—Iron ores—determination of bulk density.
• ISO-3097/74—Determination of humidity of magnetite concentrates.

The sintering process procedure was in accordance with standard PN-ISO 8263:1999—
Iron ore fines—method for sintering test result presentation.
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3. Results and Discussion
3.1. Physicochemical Properties of Residual Biomass-Derived Chars

The chars produced from different residual biomass types were characterized accord-
ing to grain size, bulk density, and chemical composition. The grain size is one of the
factors that significantly affects the course of CB combustion. Many studies and industrial
practices show that coarse-grained CB causes delayed combustion, which leads to higher
heat energy consumption during the process. On the other hand, fine-grained fuel reduces
permeability of the sinter mix and, therefore, the efficiency of the process itself. Due to
this fact, the use of CB fraction with grains sized below 1 mm is avoided. In Figure 4,
photographs of produced chars are presented together with average grain size (AGS).
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Figure 4. Chars derived from: (Left)—pelletized sawmill sawdust (AGS = 3.37 mm), (Middle)—wood chips
(AGS = 1.26 mm), and (Right)—sunflower husks (AGS = 0.28 mm).

In Table 4, the grain size analysis results are presented together with the character-
istics of coke breeze conventionally used as a fuel for ores sintering processes, while in
Figure 5, the overall share of smallest (undesired) grain fraction of biochars and coke breeze
is presented.

Table 4. Grain size analysis and bulk densities of biochars and coke breeze.

Grain Size Class, mm
Grain Size Analysis, wt.%

Biochar from Residual
Pelletized Sawdust (SDP)

Biochar from Residual
Wood Chips (WdC)

Biochar from Sunflower
Husks (SH) Coke Breeze (CB)

below 0.10 0.64 5.71 19.84 9.18
0.10 ÷ 0.16 0.72 2.42 13.17 7.30
0.16 ÷ 0.20 0.52 2.71 10.46 6.08

0.20 ÷ 0.315 2.25 7.38 30.14 10.92
0.315 ÷ 0.40 2.25 7.46 12.13 8.53
0.40 ÷ 0.50 2.98 5.54 5.93 4.73
0.50 ÷ 0.63 2.98 5.42 3.14 4.22
0.63 ÷ 0.80 4.06 9.80 1.77 5.12
0.80 ÷ 1.00 0.40 2.67 1.04 3.12
1.00 ÷ 2.00 9.07 28.30 1.71 14.57
2.00 ÷ 3.15 20.61 19.84 0.35 11.28
3.15 ÷ 4.00 8.79 1.88 0.22 5.20
4.00 ÷ 5.00 25.36 0.42 0.08 5.02
5.00 ÷ 6.30 17.96 0.33 0.00 3.39
above 6.3 1.41 0.1 0.0 1.3

Average grain size 3.37 1.26 0.28 1.45
Bulk density, kg/m3 148.9 273.1 408.7 759.9
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Figure 5. The share of undesired grain size fraction <1 mm for particular biochars and coke breeze.

The smallest size of grains was measured for biochar from SH, for which the average
grain size was equal to 0.28 mm, while the share of fractions <1 mm reached ca. 98 wt.%.
The biochar from WdC was characterized by grain size similar to CB, with average value
equal to 1.26 mm (for CB it was 1.45 mm). However, the share of smallest grain fraction
<1 mm was slightly lower than in the case for coke breeze, and reached ca. 50 wt.%
(60 wt.% for CB), which was advantageous. The best granularity with regard to sintering
process preferences was obtained for biochar from residual SDP. Its average grain size
reached 3.37 mm, with a very low content of smallest grain fraction <1 mm of 17 wt.%.
Such granularity of the fuel, according to literature data [18], was expected to positively
influence the permeability of the sintering mixture.

In Table 5, the chemical composition of biochars and coke breeze is presented.

Table 5. Chemical composition of biochars and coke breeze.

Parameter, wt.% Biochar from Residual
Pelletized Sawdust (SDP)

Biochar from Residual
Wood Chips (WdC)

Biochar from
Sunflower Husks (SH) Coke Breeze (CB)

C 82.0 75.0 73.0 83.8
Volatile matter 9.70 25.0 20.2 1.58

SiO2 3.24 0.64 0.48 6.24
CaO 0.66 0.90 1.66 1.55

K 0.15 0.16 1.43 0.04
Na <0.01 0.019 <0.01 0.12
Cl 0.02 0.04 0.09 0.08
Cu <0.01 <0.01 0.03 0.01
Fe 0.59 0.17 0.24 1.73
Zn <0.01 0.01 0.013 0.01
S 0.31 0.33 0.15 0.90

Al2O3 0.067 0.068 0.043 3.36
MgO 4.36 0.23 1.33 0.48

The content of elemental carbon in biochars from SDP (82 wt.%) was comparable
to the parameter value in CB (83.8 wt.%), while in the case of biochars from WdC and
SH, the value of the parameter was lower and reached 75 wt.% and 73 wt.%, respectively.
Moreover, all biochars were characterized by elevated content of volatile matter (from 9.7
to 25 wt.%) with regard to the CB characteristic (1.58 wt.%). The high content of volatile
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matter was not advantageous due to both technological issues of sintering process reported
in literature and the increase of hydrocarbons content in the exhaust gas.

On the other hand, the lower content of ballast, i.e., SiO2 (from 0.48 to 3.24 wt.%),
in comparison with CB (6.24 wt.%), was the beneficial feature of all produced biochars.
Moreover, relatively high content of CaO in biochars (from 0.66 to 1.66 wt.%) would allow
for the reduction of the required amount of additional flux (calcium oxide), which was
also favorable. With regard to CaO and SiO2 balance, related to the fuel basicity, the best
composition was observed for biochar from SH (1.66 wt.% CaO and 0.48 wt.% SiO2), and
the next was for biochar from WdC (0.90 wt.% CaO and 0.64 wt.% of SiO2), while in the
case of biochar from SDP, it was not so beneficial, as the content of CaO was 0.66 wt.% at
SiO2 content 3.24 wt.%.

Another advantageous feature of biochars was the very low content of substances
undesired in the sintering process, i.e., sodium, zinc, and copper. Despite this fact, it
was noticed that the content of potassium in all biochars, especially in one derived from
sunflower husks, was quite high in the range of 0.15 wt.% to 1.43 wt.%. Both sodium and
potassium are found to cause problems in the dedusting stage of gas cleaning, as when they
react with chlorine the resistance of dust to separation increases, and thus the efficiency of
electrofilters decreases. The final advantage of biochars was related to the low content of
sulfur, which was in the range of 0.15 to 0.33 wt.%, while the value determined for CB was
0.9 wt.%.

Considering the physicochemical composition of produced biochars (especially grain
size and volatile matter content), it was concluded that materials derived from pelletized
residual sawdust and residual wood chips would be the most preferable fuel for iron
ore sintering processes. Nevertheless, tests with the use of all types of biochars were
carried out.

3.2. The Impact of Biochars on Sintering Process Parameters and Sinter Properties

In Table 6, the parameters of the sintering process and the properties of produced
sinters obtained at different (low ~12.3 wt.% and high ~27.8 wt.%) share of biochars in the
fuel are presented. The sintering processes were repeated three times (or more, if significant
differences in obtained results were observed) and the presented results are the averaged
values. The detailed experimental data can be found in Table A1, presented in Appendix A.

The data shown in Table 6 indicates that the substitution of CB fuel with biochars in
the investigated range leads to production of sinter of properties mostly comparable to ones
observed for conventionally produced material. The key parameters crucial for evaluation
of the sintering process (productivity, fuel consumption) and most advantageous effects
resulting from biochars use are discussed below.

It was observed that the introduction of 27.8 wt.% SDP biochar to the fuel stream increased
the production efficiency by 5.6%, i.e., from 37.73 Mg/m2/24 h to 39.86 Mg/m2/24 h. In the
case of 12.3 wt.% share of pyrolyzed WdC, the production efficiency was higher by 2.5% (it
increased from 37.73 Mg/m2/24 h for CB to 38.66 Mg/m2/24 h for mixed fuel). The high share of
biochar from sunflower husks in the fuel caused the production efficiency decrease of 9.3% (from
37.73 Mg/m2/24 h for CB to 34.20 Mg/m2/24 h for mixed fuel). Hence, it was concluded that,
with regard to production efficiency, the share of substitutional fuel in the fuel stream should not
exceed ~30 wt.% in the case of biochars derived from residual SDP or residual WdC, while in
the case of biochar from SH, its share in fuel had to be kept below 10 wt.%.

In the case of fuel consumption, it was observed that at the lower share of biochars in
the fuel stream, the parameter value increased by max. 1.3% with the use of biochar from
residual SDP, while it decreased by 2.2% with the use of pyrolyzed WdC. The noticeable
increase of fuel consumption was noted for all fuel streams containing higher shares of
biochars, and it was in the range of 1.5% for biochar from SDP to 3.7% for biochar from SH
(a 2.3% increase was noted for biochar from residual WdC). Thus, with regard to unit fuel
consumption, it was concluded, similarly as in the case of production efficiency, that the
share of substitutional fuel in the fuel stream should not exceed ~30 wt.% in the case of
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biochars derived from residual SDP or residual WdC, while in the case of char from SH, its
share in fuel had to be kept below 10 wt.%.

Table 6. The results of the laboratory sintering tests with low and high share of biochar in fuel.

Parameter Unit
Comparative Sinter,

100% of Coke Breeze in
the Fuel

Biochar from
Residual Pelletized

Sawdust (SDP)

Biochar from
Residual Wood
Chips (WdC)

Biochar from
Sunflower Husks

(SH)

Low
Share

High
Share

Low
Share

High
Share

Low
Share

High
Share

Si
nt

er
in

g
pr

oc
es

s
pa

ra
m

et
er

s

Sintering time min 21.43 19.85 19.54 20.58 20.71 21.53 22.77
Production efficiency Mg/m2/24 h 37.73 39.62 39.86 38.66 37.65 36.51 34.20
Unit consumption of

coke breeze kg/Mg of sinter 57.8 52.4 46.4 50.6 46.9 51.3 46.0

Unit consumption of a
biochar kg/Mg of sinter 0.0 6.2 12.3 5.9 12.3 6.9 14.0

Total fuel consumption kg/Mg of sinter 57.83 58.60 58.70 56.53 59.16 58.20 59.99

C
he

m
ic

al
co

m
po

si
ti

on
of

pr
od

uc
ed

si
nt

er

Fe wt.% 54.03 54.10 54.35 54.58 54.40 54.43 54.21
FeO wt.% 9.30 7.13 6.32 6.30 6.40 6.18 5.46
SiO2 wt.% 10.32 10.28 10.25 9.73 8.95 9.75 8.61
CaO wt.% 11.21 11.22 10.92 11.15 11.43 11.09 11.37

Al2O3 wt.% 0.60 0.59 0.56 0.57 0.58 0.58 0.57
TiO2 wt.% 0.019 0.017 0.019 0.019 0.019 0.018 0.019
MgO wt.% 1.32 1.33 1.31 1.24 1.22 1.26 1.30

P wt.% 0.023 0.024 0.021 0.024 0.024 0.023 0.026
Mn wt.% 0.032 0.033 0.016 0.029 0.165 0.030 0.029

S wt.% 0.019 0.023 0.024 0.035 0.034 0.031 0.030
K2O wt.% 0.023 0.025 0.023 0.029 0.029 0.033 0.044

Na2O wt.% 0.034 0.033 0.030 0.037 0.036 0.036 0.034
Zn wt.% 0.010 0.010 0.010 0.010 0.009 0.010 0.010
Cl wt.% 0.007 0.005 0.005 0.010 0.009 0.006 0.005

Grain size
analysis of
produced

sinter

>40 mm wt.% 13.54 12.55 12.18 11.07 11.47 12.61 12.44
>25 mm wt.% 20.47 22.80 22.55 25.11 25.10 24.86 26.05
>15 mm wt.% 21.42 21.94 21.13 22.31 22.30 21.35 20.98
>10 mm wt.% 17.97 16.59 17.31 16.56 17.18 16.96 16.31
>5 mm wt.% 26.60 26.12 26.84 24.94 23.94 24.21 24.23
Median mm 17.06 17.78 17.29 18.24 18.39 18.54 18.88

Sinter
strength

Strength ISO T > 6.3 mm wt.% 68.17 69.82 70.57 70.76 69.18 70.58 69.59
Abrasion ISO
A < 0.5 mm wt.% 5.80 5.59 5.57 5.61 5.56 5.69 5.66

RDI <3.15 mm wt.% 17.7 15.6 16.4 13.8 12.2 16.1 17.4
RI dR/dt (O/Fe = 0.9) %/min 0.96 0.98 1.09 1.13 1.17 1.12 1.14

A very interesting phenomenon noted for all sinters produced with the use of sub-
stitutional fuel was the decrease of FeO content in comparison to sinter produced with
the use of CB only, for which the value of parameter was 9.3 wt.%. In the case of low
shares of biochars in the fuel stream, the content of FeO in final sinters varied from 6.18 to
7.13 wt.%, while at high shares of biochars in the fuel stream, it was even lower and ranged
from 5.46 to 6.40 wt.%. With regard to further BF processing of sinters, it is a very desired
feature, as sinters of lower FeO content reveal better reductive properties and, thus, the
smaller amount of coke is required for metallic iron recovery. The better reducibility of
sinters produced with the use of biochars was confirmed by determination of reducibility
index (RI), which showed that the dR/dt ratio of sinters with biochars containing fuel
was in the range from 0.98 to 1.17%/min, while for sinter produced with CB fuel, it was
0.96%/min. The measurements of reduction degradation index (RDI) also showed the
more advantageous properties of sinters produced with the use of biochars, which revealed
better resistance towards reductive conditions. The lower value of RDI index is preferable,
as it means that the sinter is less vulnerable to crushing and formation of fraction <3.15 mm
at BF operational conditions. In the discussed research, the sinter produced with the use of
only CB contained 17.7 wt.% of fraction <15 mm, while for sinters produced with the use of
biochars it was 13.8–16.1 wt.% (for low shares in the fuel stream) and from 12.2–17.4 wt.%
(for high shares in the fuel stream).

Other beneficial features of the use of biochars in the sintering process were much
lower levels of alkalis, chlorine, and zinc in the produced sinter. The sinters produced with
the biochars also revealed better strength, measured as ISO T (the share of grain fraction
>6.3 mm [33]). The highest value of the parameter was obtained for low share of char
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from residual WdC and reached 70.76 wt.%, and the next highest was for the low share
of char from SDP, i.e., 70.57 wt.%, while for the sinter produced with the use of CB only,
it was 68.17 wt.%. Simultaneously, abrasion ISO A (the share of fraction <0.5 mm [33])
was practically the same as the one measured for sinter produced with the conventional
fuel. This was even more interesting due to the fact that the ISO T and ISO A were usually
worsening at lowering FeO content in the sinter, as, according to the practice, the better
reducibility is, the worse the strength of the sinter observed. Hence, the use of biochars
in sinter production could actually improve both strength and reduction properties of the
final product.

These observations are in agreement with other research discussed in the literature.
For example, in [34], biochar powder with grain size of 5–10 mm was used to replace
6 wt.% and 12 wt.% of CB in the fuel and it was found that the sinter products could
meet the requirements of blast furnace, although the tumble strength was reduced. In
research involving the use of straw-derived biochar, due to different combustibility of
CB and biomaterial, there was a considerable degradation in sinter quality when more
than 20 wt.% of CB was substituted [35]. In the review on biochar use in metallurgy [36],
the authors state that the use of biochar in the sintering stage enabled higher sintering
productivity, but led to weaker strength of sinter, which was opposite to the discussed
research. However, the cases discussed in the review cover up to 40 wt.% share of biochar
in the fuel stream. Thus, it can be concluded that the usability of biochar in sintering
processes possesses individual character, as it strongly depends on biochar quality and its
amount in the fuel stream.

3.3. The Impact of Chars Derived from Residual Biomass on Flue Gases Properties

The impact of a given fuel on a sintering process has to be recognized not only in
regard to the final sinter properties, but also in regard to environmental aspects, including
emissions. Hence, during the performance of sintering tests, the continuous analyses
of exhaust gas before and after catalytic ceramic filter were carried out, covering the
parameters such as O2, CO, CO2, NOx, SO2, and CH4, while the content of dust was
measured periodically. The obtained results of flue gases composition are presented in
Table 7, while in Figures 6 and 7, exemplary emission plots are shown.

Table 7. * The average composition of exhaust gas on the dirty side (before catalytic ceramic filter) and on the clean side (in
the emitter) obtained for fuel mixtures with biochar and coke breeze only.

Parameter Unit Comparative Sinter, 100% of
Coke Breeze (CB) in the Fuel

Biochar from Residual
Pelletized Sawdust (SDP)

Biochar from Residual
Wood Chips (WdC)

Biochar from Sunflower
Husks (SH)

Low Share High Share Low Share High Share Low Share High Share

Exhaust gas before catalytic ceramic filter (dirty side)

O2 vol.% 13.5 13.1 12.9 13.9 13.7 12.3 12.3
CO2 vol.% 8.24 8.54 8.65 8.48 8.49 9.14 9.31
CO vol.% 0.96 1.10 1.20 1.21 1.32 1.16 1.24
CH4 ppm 19 18 17 29 41 25 45
SO2 ppm 134 103 64 89 72 47 46
NOx ppm 216 206 190 227 218 259 273
Dust mg/Nm3 222 295 342 279 288 265 363

Exhaust gas after catalytic ceramic filter (clean side)

O2 vol.% 17.9 17.8 17.7 17.7 17.7 17.7 17.7
CO2 vol.% 4.20 4.58 4.30 4.08 4.03 4.21 4.14
CO vol.% 0.52 0.61 0.62 0.64 0.68 0.57 0.58
CH4 ppm 13 13 17 9 23 17 22
SO2 ppm <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
NOx ppm 116 124 102 113 108 131 128
Dust mg/Nm3 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

* For detail results please refer to Table A2 in the Appendix A.
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Figure 6. An exemplary composition of exhaust gas on the clean side during sintering with fuel
mixtures with biochar.

The measurements of exhaust gas composition allowed us to observe that the use of
biochars in the fuel stream resulted in the slight increase of CO2 and NOx content (CO2
8.48–9.31 vol.%; NOx 218–273 ppm) in comparison with the exhaust gas generated during
sintering with fuel composed only of CB (CO2 8.24 vol.%; NOx 216 ppm). The exception
was the content of NOx in exhaust gas formed during the process with the use of SDP
biochar, for which the measured concentrations were 190 ppm (high share) and 206 ppm
(low share). The amount of CO determined during tests with biochars (1.10–1.32 vol.%)
was also slightly higher than one for tests with CB only (0.96 vol.%), which could result
from the incomplete combustion of biochars during the process. The elevated content of
methane (17–45 ppm) noted for fuel mixtures with regard to conventional single component
fuel (19 ppm) was probably related to the higher content of volatile matter observed for
biochars. On the other hand, lower emissions of SO2 (46–103 ppm) in comparison with CB
(134 ppm) were obtained, which was the result of the lower content of sulfur in pyrolyzed
residual biomasses. The periodical measurements of dust content in exhaust gas generated
during the sintering process with biomass indicated an increased value of the parameter
(265–342 mg/Nm3) in comparison with standard CB fuel (222 mg/Nm3). In reference to
literature data, it was reported that the partial substitution of coke breeze with charcoal
resulted in higher concentration of COx and lower concentration of SOx and NOx in the
exhaust gas. The higher concentration of CO and CO2 was attributed to the higher charcoal
addition compared to coke breeze to achieve the return fine balance and sinter quality.
The lower concentration of SOx and NOx was attributed to the lower content of S and N
in charcoal compared to that of CB [37]. Hence, as in the case of sinter quality, the effect
of biochar on emission depends strongly on the biochar quality and process conditions.
Additionally, according to [38,39], the use of biochar in the sintering could not be directly
followed by a reduction in the greenhouse gas emissions, but the net CO2 emission balance
could be reduced by 5–15%, mainly because of the biomass carbon neutrality.
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The application of catalytic ceramic filter in the semi-industrial-scale iron ores sinter-
ing process enabled the significant reduction of pollutants emitted to the atmosphere. It
was found that the additional use of hydrated lime sorbent (HLS) allowed for complete
sorption of sulfur compounds present in the exhaust gas, as at any stage of emission
measurements their concentration was below the detection limit (<1.0 ppm (Figure 6)). On
the other hand, the presence of SO2 was noted in exhaust gas before the catalytic ceramic
filter, which is shown in Figure 7 (green line). The applied HLS was probably also respon-
sible for the decrease of CO2, as the amount of the compound in the gas decreased from
8.24–9.31 vol.% to 4.03–4.58 vol.%. It was a very desired feature, considering emission
limitations of the sintering process. Another advantageous effect was the reduction of NOx
content by 40–53%, which was obtained due to the presence of the catalyst placed on the
ceramic surface of the filter. The content of CO and CH4 was also significantly decreased
(to 0.57–0.68 vol.% and to 9–32 ppm, respectively). Thus, it was concluded that the applied
catalytic ceramic filter enabled integrated elimination of pollutants by their transformation
to CO2, N2, and H2O. Simultaneously, it allowed for very efficient dedusting of the cleaned
gas, as the final concentration of dust was always below 1.0 mg/Nm3 (limit of detection),
regardless of the fuel composition and process configuration, which corresponded with up
to 99.7% of dedusting efficiency.

As iron ores sintering is the main source of emission of dibenzodioxins/dibenzofurans
in integrated steel plants [27,40], the samples of dusts from the catalytic ceramic filter were
collected and analyzed with regard to dioxins and furans (PCDD/PCDF) content, as well
as to polyaromatic hydrocarbons (PAHs). The dust form during process with CB fuel was
also analyzed. Each time, 85 g of the sample taken for testing was analyzed. The results of
the analysis are presented in Table 8. For comparative purposes, samples of HLS were also
analyzed with regard to the content of these specific pollutants [41].
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Table 8. The content of polyaromatic hydrocarbons (PAHs), dioxins and furans in HLS, and dust collected from the catalytic
ceramic filter after the sintering process with coke breeze and mixed fuels.

Component/Congener. HLS Coke Breeze (CB)

Biochar

Residual Pelletized
Sawdust (SDP)

Residual Wood
Chips (WdC)

Sunflower Husks
(SH)

PAHs, mg/Sample 0.019 1.6 2.5 5.7 6.3

PCDD and PCDF (dioxins and furans), ng/sample

2378-TCDD <0.0021 0.46 0.26 0.62 0.540
12378-PeCDD <0.0036 1.3 0.41 1.4 1.2

123478-HxCDD <0.006 0.56 0.6 1.0 1.6
123678-HxCDD <0.006 0.92 0.44 1.1 1.4
123789-HxCDD <0.006 0.69 0.52 1.4 1.8

1234678-HpCDD <0.0072 4.6 5.20 5.1 8.8
OCDD <0.0092 5.9 5.6 9.8 12.0

2378-TCDF <0.0022 15.0 15.0 21.0 40.0
12378-PeCDF <0.0034 20.0 14.0 15.0 24.0
23478-PeCDF <0.0034 18.0 15.0 20.0 30.0

123478-HxCDF <0.0058 13.0 11.0 17.0 22.0
123678-HxCDF <0.0058 14.0 10.0 16.0 27.0
123789-HxCDF <0.0058 0.006 1.2 0.9 3.7
234678-HxCDF <0.0058 11.0 8.3 10.0 20.0

1234678-HpCDF <0.0075 27.0 16.0 25.0 39.0
1234789-HpCDF <0.0075 4.8 2.2 3.5 5.3

OCDF <0.012 18.0 11.0 18.0 26.0
Sum <LOD 155.2 116.7 166.8 264.3

Toxic Equivalent TEQ 0.01 17 14 19 29

Hydrated lime sorbent (HLS) injected to the exhaust gas stream contained trace
amounts of PAHs (0.019 mg/sample) and did not contain PCDD/F. For the use of fuel
composed of only CB, the content of PAHs was at the level of 1.6 mg/sample, while the
concentration of dioxins and furans was 155.2 ng/sample. The amount of PAHs noted for
biochars containing fuel was 1.5–3.9 times higher, which was caused by the significantly
higher content of volatile matter.

The highest content of PCDD/F (by up to 70% with regard to other tested biochars
and CB), equal to 264.3 ng/sample and accompanied with the highest toxic equivalent
TEQ = 29, was noted in the biochar derived from SH. The elevated content of the pollu-
tants (ca. 8% higher with regard to CB) was also noted for residual WdC and reached
166.8 ng/sample. The lowest concentration of PCDD/F, 116.7 nm/sample (25% lower
than CB), was measured for biochar from SDP. Hence, considering amounts of PAHs and
PCDD/F formed during the process, and appearing in the process gas, it was concluded
that biochars from residual WdC or SDP could be efficiently used as substitutional fuel
for iron ores sintering processes. Moreover, one must notice that the gas cleaning system
involved in the research, comprising of catalytic ceramic filter and hydrated lime sorbent
injection, enabled a 90% reduction of PAHs concentration and min. 95% reduction of
PCDD/F [18], and the final quality of exhaust gas corresponded to emission requirements
established in dedicated legal acts.

4. Conclusions

The results obtained during the discussed research allow us to conclude that:

1. The application of pyrolysis to processing of residual biomass enables obtaining of
useable fuel for iron ores sintering processes, which can substitute the conventional
fuel, i.e., coke breeze. Such an action may lead to a decrease in environmental
impacts of the metallurgical industry due to the decrease of emission of GHGs to
the atmosphere.

2. The improvement of environmental effect in the form of GHGs emission limitation
in the proposed solution results from the fact that the emission, which results from
the combustion of volatile components released during pyrolysis (the energy source
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of the process), is regarded as the emission from renewable sources, and the same
approach is stated for chars derived from residual biomass.

3. Among biochars produced and tested within the discussed research, the best grain
size was obtained for pelletized sawdust, which was especially important considering
sintering mixture permeability.

4. The application of biochars in the sintering process resulted in the decrease of FeO
content in the produced sinter. This was a beneficial feature, as the sinter of lower
FeO content was characterized by better reducibility, and thus its reduction to metallic
iron in the blast furnace process consumed less coke.

5. The sinter produced with the use of mixed fuels comprising of biochars and coke
breeze was characterized by better strength ISO T and abrasion ISO A, as well as with
better RI and RDI indicators than the sinter produced with the use of coke breeze only.
Hence, the involvement of biochars in the sintering process may improve mechanical
and chemical parameters of the final product.

6. The content of carbon in biochars was diversified, while the content of sulfur was
always lower than in the case of coke breeze. All biochars revealed elevated potassium
content, which was not preferable with regard to possible issues in dedusting, and
the impact of their presence was checked during the research.

7. Biochars were characterized by high content of volatile organic matter, and this
resulted in more severe formation of hydrocarbons during the sintering process with
mixed fuels (coke breeze and biochars).

8. The application of the catalytic ceramic filter and hydrated lime sorbent injection for
cleaning of exhaust gas formed during semi-industrial-scale sintering tests allowed
for up to 53% reduction of NOx and complete elimination of SO2 present in raw
exhaust gases.

9. In the presence of biochars in the sintering fuel, the amount of PAHs present in the
raw process gas was higher than in the case of the fuel comprising only coke breeze,
and elevated PCDD/F (in the case of this research, however, it was higher only for
sawdust-derived char) was noticed. Nevertheless, the proper gas cleaning system
(such as the one used in the research composed of catalytic filter and hydrated lime
sorbent injection) allows the final concentration of contaminants in the cleaned exhaust
gas to be below permissible values stated in environmental emission standards.
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Appendix A

Table A1. Detail results of the laboratory sintering tests with low and high share of biochar in fuel.

Parameter Unit

Comparative Sinter,
100% of Coke

Breeze in the Fuel

Biochar from Residual Pelletized Sawdust
(SDP) Biochar from Residual Wood Chips (WdC) Biochar from Sunflower Husks (SH)

Aver. Stand.
Dev.

LOW SHARE High Share Low Share High Share Low Share High Share

Aver. Stand.
Dev. Aver. Stand.

Dev. Aver. Stand.
Dev. Aver. Stand.

Dev. Aver. Stand.
Dev. Aver. Stand.

Dev.

Si
nt

er
in

g
pr

oc
es

s
pa

ra
m

et
er

s

Sintering time min 21.43 0.49 19.85 0.70 19.54 0.56 20.58 0.26 20.71 0.79 21.53 0.60 22.77 0.09
Production efficiency Mg/m2/24 h 37.73 0.36 39.62 1.03 39.86 0.66 38.66 0.65 37.65 1.21 36.51 0.84 34.2 0.65

Unit consumption of coke
breeze kg/Mg of sinter 57.8 0.79 52.4 1.25 46.4 0.67 50.6 0.29 46.9 1.02 51.3 0.25 46 0.68

Unit consumption of a
biochar kg/Mg of sinter 0 0.00 6.2 0.15 12.3 0.18 5.9 0.03 12.3 0.27 6.9 0.03 14 0.21

Total fuel consumption kg/Mg of sinter 57.83 0.79 58.6 1.39 58.7 0.85 56.53 0.32 59.16 1.29 58.2 0.28 59.99 0.89

C
he

m
ic

al
co

m
po

si
ti

on
of

pr
od

uc
ed

si
nt

er

Fe wt.% 54.03 0.11 54.1 0.07 54.35 0.17 54.58 0.30 54.4 0.16 54.43 0.18 54.21 0.64
FeO wt.% 9.3 0.00 7.13 0.53 6.32 0.41 6.3 0.71 6.4 0.14 6.18 1.01 5.46 0.21
SiO2 wt.% 10.32 0.35 10.28 0.22 10.25 0.09 9.73 1.24 8.95 0.13 9.75 0.38 8.61 0.40
CaO wt.% 11.21 0.21 11.22 0.13 10.92 0.13 11.15 0.55 11.43 0.01 11.09 0.37 11.37 0.25

Al2O3 wt.% 0.60 0.01 0.59 0.00 0.56 0.04 0.57 0.01 0.58 0.00 0.58 0.00 0.57 0.01
TiO2 wt.% 0.019 0.001 0.017 0.000 0.019 0.001 0.019 0.003 0.019 0.000 0.018 0.002 0.019 0.001
MgO wt.% 1.32 0.01 1.33 0.04 1.31 0.09 1.24 0.08 1.22 0.03 1.26 0.08 1.3 0.04

P wt.% 0.023 0.002 0.024 0.003 0.021 0.001 0.024 0.001 0.024 0.001 0.023 0.001 0.026 0.001
Mn wt.% 0.032 0.000 0.033 0.000 0.016 0.018 0.029 0.001 0.165 0.191 0.03 0.003 0.029 0.000

S wt.% 0.019 0.003 0.023 0.001 0.024 0.000 0.035 0.006 0.034 0.001 0.031 0.001 0.03 0.000
K2O wt.% 0.023 0.001 0.025 0.003 0.023 0.001 0.029 0.001 0.029 0.001 0.033 0.005 0.044 0.005

Na2O wt.% 0.034 0.002 0.033 0.001 0.03 0.000 0.037 0.004 0.036 0.003 0.036 0.002 0.034 0.002
Zn wt.% 0.01 0.000 0.01 0.000 0.01 0.000 0.01 0.001 0.009 0.000 0.01 0.001 0.01 0.000
Cl wt.% 0.007 0.002 0.005 0.001 0.005 0.001 0.01 0.001 0.009 0.000 0.006 0.001 0.005 0.000

Grain size
analysis of
produced

sinter

>40 mm wt.% 13.54 2.38 12.55 1.68 12.18 0.70 11.07 1.10 11.47 1.38 12.61 1.58 12.44 0.90
>25 mm wt.% 20.47 0.96 22.8 0.79 22.55 1.38 25.11 0.74 25.1 0.92 24.86 0.07 26.05 1.13
>15 mm wt.% 21.42 0.99 21.94 0.61 21.13 0.85 22.31 1.12 22.3 1.32 21.35 0.52 20.98 1.30
>10 mm wt.% 17.97 1.43 16.59 0.41 17.31 0.80 16.56 1.36 17.18 0.67 16.96 0.49 16.31 0.51
>5 mm wt.% 26.6 1.14 26.12 0.45 26.84 0.66 24.94 0.24 23.94 0.42 24.21 0.67 24.23 1.02
Median mm 17.06 0.80 17.78 0.33 17.29 0.20 18.24 0.59 18.39 0.34 18.54 0.59 18.88 0.43

Sinter strength Strength ISO T > 6.3 mm wt.% 68.17 0.44 69.82 0.96 70.57 0.54 70.76 0.72 69.18 0.19 70.58 0.10 69.59 0.27
Abrasion ISO A < 0.5 mm wt.% 5.8 0.35 5.59 0.07 5.57 0.09 5.61 0.03 5.56 0.14 5.69 0.18 5.66 0.09

RDI <3.15 mm wt.% 17.7 0.71 15.6 2.05 16.4 0.07 13.8 0.78 12.2 0.71 16.1 0.78 17.4 1.34
RI dR/dt (O/Fe = 0.9) %/min 0.96 0.06 0.98 0.07 1.09 0.02 1.13 0.16 1.17 0.15 1.12 0.08 1.14 0.05

Aver.—average; Stand. dev.—standard deviation.
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Table A2. Detail results of composition of exhaust gas on the dirty side (before catalytic ceramic filter) and on the clean side (in the emitter) obtained for fuel mixtures with biochar and
coke breeze only.

Parameter Unit

Comparative Sinter, 100% of
Coke Breeze in the Fuel

Biochar from Residual Pelletized Sawdust
(SDP)

Biochar from Residual Wood Chips
(WdC) Biochar from Sunflower Husks (SH)

Aver. Stand. Dev.

Low Share High Share Low Share High Share Low Share High Share

Aver. Stand.
Dev. Aver. Stand.

Dev. Aver. Stand.
Dev. Aver. Stand.

Dev. Aver. Stand.
Dev. Aver. Stand.

Dev.

C
on

te
nt

in
ra

w
ex

ha
us

tg
as

es
(d

ir
ty

si
de

)

O2 vol% 13.5 0.14 13.1 0.26 12.9 0.11 13.91 0.11 13.73 0.24 12.31 0.51 12.32 0.04
CO2 vol% 8.24 0.09 8.54 0.36 8.65 0.10 8.48 0.09 8.49 0.20 9.14 0.84 9.31 0.03
CO vol% 0.96 0.00 1.10 0.05 1.20 0.01 1.21 0.04 1.32 0.05 1.16 0.09 1.24 0.03
CH4 ppm 19 1 18 1 17 2 29 2 41 1 25 1 45 1
SO2 ppm 134 10 103 11 64 19 89 33 72 12 47 11 46 15
NOx ppm 216 4 206 5 190 5 227 6 218 2 259 26 273 3
Dust mg/Nm3 222 20 295 21 342 20 279 15 288 14 265 78 363 27

C
on

te
nt

in
cl

ea
ne

d
ex

ha
us

tg
as

es
(c

le
an

si
de

)

O2 vol% 17.89 0.07 17.75 0.14 17.69 0.14 17.71 0.06 17.71 0.16 17.69 0.16 17.70 0.03

CO2 vol% 4.20 0.09 4.58 0.41 4.30 0.10 4.08 0.06 4.03 0.14 4.21 0.32 4.14 0.03

CO vol% 0.52 0.01 0.61 0.06 0.62 0.02 0.64 0.01 0.68 0.03 0.57 0.03 0.58 0.01

CH4 ppm 13 3 13 5 17 5 9 3 23 3 17 11 22 3

SO2 ppm 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NOx ppm 116 4 124 15 102 2 113 0 108 3 131 15 128 2

Aver.—average; Stand. dev.—standard deviation.
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