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Abstract: This study reports the effect of high-temperature treatment on the electrical properties of
charcoal, coal, and coke. The electrical resistivity of industrial charcoal samples used as a reducing
agent in electric arc furnaces was investigated as a renewable carbon source. A set-up to measure the
electrical resistivity of bulk material at heat treatment temperatures up to 1700 ◦C was developed.
Results were also evaluated at room temperature by a four-point probe set-up with adjustable
load. It is shown that the electrical resistivity of charcoal decreases with increasing heat treatment
temperature and approaches the resistivity of fossil carbon materials at temperatures greater than
1400 ◦C. The heat treatment temperature of carbon material is the main influencing parameter,
whereas the measurement temperature and residence time showed only a minor effect on electrical
resistivity. Bulk density of the carbon material and load on the burden have a large impact on
the electrical resistivity of each material, while the effect of particle size can be neglected at high
heat treatment temperature or compacting pressure. The mechanical durability of charcoal slightly
increased after heat treatment and decreased for coal and semi-coke samples. The results indicate
that charcoal can be used as an efficient carbon source for electric arc furnaces.
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1. Introduction

Biomass and its derivatives (e.g., charcoal) are considered as a possible feedstock to reduce
anthropogenic CO2 emissions produced in industry. Besides its common usage as an energy carrier
in power production, charcoal can be used as base material in fuel cells [1], batteries [2], soil
amendment [3,4], and as a carbon source in metallurgical industry [5–10]. In the latter, fossil fuels such
as anthracite, coal, coal char, semi-coke, petroleum coke, and metallurgical coke are the main reducing
agents. These reductants are used in blast furnaces, electric arc furnaces (EAF), and submerged
arc furnaces (SAF) to reduce metal oxides to their metallized form. SAF are particularly used
in silicon, ferrosilicon, ferrochrome, and ferromanganese production. The consumption of fossil
fuels in EAF and SAF generates approximately 1.83 kg CO2 per kg of steel [11], 1.04 to 1.15 kg CO2

per kg ferromanganese [12], 1.4 to 6.9 kg CO2 per kg of silicomanganese, and 2.5 to 4.8 kg CO2 per kg
ferrosilicon [13–15]. The total CO2 equivalent of manganese alloys is stated as 6.0 kg per kg of alloy
when electricity is produced by coal combustion [15]. Biomass and charcoal have the potential to
reduce these emissions, e.g., by up to 12% in EAF, or 58% in integrated routes of steel production [16].
A better understanding of charcoal properties will promote the increased use of renewable resources
in EAFs and SAFs.
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Charcoal has a higher porosity, lower mechanical stability, and higher reactivity than fossil
reducing agents [3,8]. The high CO2 reactivity of charcoal can increase its consumption in the
burden by the Boudouard reaction [17]. Approximately 500,000 tonnes of CO2 emissions generated
by ferromanganese and silicomanganese production are due to the Boudouard reaction [18],
corresponding to ~30% of the annual emissions. The lower mechanical stability of charcoal can
result in the formation of fines, negatively affecting gas permeability of the charge and resulting in an
increased risk of bridging and slag boiling [19]. Previous studies have shown that charcoal properties
can be improved by increasing the heat treatment temperature. For example, CO2 reactivity of charcoal
approaches that of fossil reducing agents at a heat treatment temperature higher than 1600 ◦C [20,21].
Thus, it is crucial to understand the properties of charcoal at high temperatures to provide a stable
operation of the furnace.

To fully, or significantly, replace fossil fuel resources in SAF, a renewable resource with specific
chemical, mechanical, and electrical properties is required. Fossil fuel bed material provides a low
electrical resistivity and high mechanical stability, in which the latter is compulsory for a stable
operation of the furnace [22,23]. A high mechanical stability is required to maintain its structure for
a good gas permeability, whereas power input and temperature profile are affected by the electrical
properties of the bulk material. While the chemical and mechanical properties of charcoal as reducing
agents have been reviewed in the last decade [24–26], knowledge of its electrical resistivity at high
temperature is scarce.

The main parameters that influence the electrical resistivity of carbon bed material are heat
treatment temperature [3,5,27,28], compression pressure [3,28–31], particle size [32–34], and volume
fraction of the carbonaceous material [27,34]. Previous studies focused on the measurement of
the electrical resistivity of powder materials [28], dry coke beds [19,22,32,35], or coke metal-oxide
blends [27] of fossil fuels, whereas knowledge on the charcoal beds is limited.

In this study, the impact of heat treatment temperature, particle size, and compaction pressure
was investigated for charcoal, in comparison with other fossil fuel materials as references. The specific
objectives of this study were to investigate the (1) electrical resistivity of charcoal and fossil fuels
samples at high heat-treatment temperature, (2) influence of particle size and compaction pressure,
and (3) importance of present temperature on electrical resistivity.

2. Materials and Methods

2.1. Sample Materials

Three industrial charcoals, one coal, one semi-coke, and one metallurgical coke were chosen as
sample materials for this study. When this study was initiated, the charcoal, coal, and semi-coke
were used in silicon and ferrosilicon production, whereas the metallurgical coke was used for
silicomanganese production. The aforementioned lumpy reductants were crushed by a jaw crusher
(Retsch, Haan, Germany) and sieved to three particle sizes: fines (d< 2 mm), small particles
(2≤d< 4.75 mm), and large particles (4.75≤d< 9.5 mm). Prior to an experiment, the sample was
dried overnight in air (at 106 ◦C) to drive off moisture.

2.2. Resistivity at High-Temperature

Electrical resistivity measurements at elevated temperature were performed using a four-probe
point measurement system (SINTEF, Trondheim, Norway) installed in an induction furnace
(Inductotherm Europe, Droitwich Spa, UK), as presented in Figure 1. An alumina tube (Alsint R©,
length: 300 mm; inner diameter: 80 mm; wall thickness: 10 mm) was placed in a graphite crucible
(height: 400 mm; diameter: 150 mm; wall thickness: 18 mm). Two molybdenum (Mo) wires
(diameter: 1 mm) were installed at a distance of 50 and 150 mm from the bottom of the alumina
tube. The sample was distributed homogeneously inside the alumina tube, which was filled to
~25 cm height and compacted to constant volume by dynamic sample compaction with an installed
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electrode (weight: 1.8 kg), in which drop height was set to 10 cm. Bulk height was measured by
a caliper (readability: 0.1 mm) before the crucible was installed into the furnace. A constant load
of ~6 kN·m−2 was set on the material by the graphite electrode and an additional weight on top
of the electrode. Direct current was provided by a welding power source IPM15 (Kempower,
Lahti, Finland) between the graphite electrode and the graphite crucible bottom. An upper limit
of 100 A was set. The voltage between the Mo-wires in the sample was measured by a NI TB-9214
module (National Instruments, Debrecen, Hungary) connected to the Mo-wires. Current and
voltage were measured every 25 ◦C by a pulse train initiated by the Labview program (National
Instruments, Austin, TX, USA). The associated temperature (TC) was measured in the center of
the bulk. The pulse train consists of 8 pulses with increasing voltage adjustment (2× 17%, 33%,
60%, and 90% of the desired voltage). The electrical resistivity was calculated according to Equation (1):

ρ =
V · A
I · l

(1)

where ρ is the electrical resistivity, V the measured voltage between the wires, A is the cross-sectional
area, I the measured current, and l the distance between the Mo-wires.

A

V

+
-

Tc

Tbw

Ttw

Tiw

Tow

Induction furnace

Graphite crucible

Graphite electrode

Carbon bed 
material

Alumina tube

Figure 1. Schematic of the electrical measurement set-up at NTNU/SINTEF.

The sample was heated at 3 ◦C·min−1 up to 250 ◦C and kept at that temperature for 10 min
to minimize thermal stresses in the alumina tube. Subsequently, the sample was further heated at
10 ◦C·min−1 to an outer wall temperature (TOW) of 1600 ◦C and kept at that temperature for 60 min
to ensure a constant temperature profile in the crucible. After the heating program was finished,
the height of the bulk was measured, the furnace was turned off, and the sample was cooled overnight.
After cooling, voltage and current were measured at room temperature before the sample was removed
and stored in sealed sample bags.

2.3. Resistivity Under Load

The electrical resistivity under load was investigated by a four-point probe set-up at room
temperature (called the 4-probe set-up), which was installed in a materials testing machine Z2.5 test
Control II (Zwick/Roell, Ulm, Germany). Measurements were carried out for the particle sizes: fines
(d < 2 mm), small particles were split into (2<d< 3.35 mm), and (3.35<d< 4.75 mm), as well as large
particles (4.75<d< 9.5 mm) in an alumina tube (inner diameter: 50 mm, height: 150 mm). The sample
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was filled and compacted to a constant volume by shaking. Current was provided by a laboratory DC
power supply GPR-3030 (GW instek, New Taipei City, Taiwan) and controlled at 2 A current for each
measurement. A top graphite and a bottom copper electrode were used to pass the current through the
bulk. Basic load on the material by the top electrode was 2.5 kN·m−2. The voltage was measured over
a distance of 60 mm (30 to 90 mm from the bottom) by a multimeter Model 2000 (Keithley Instruments,
Beaverton, OR, USA).

Additional load was introduced and measured by the materials testing machine. The pressure
was increased to 500 N in 25 N steps, in which vertical compaction was noted with a readability of
1µm. After a maximum force of 500 N was reached, the compacting force was released in 25 N steps
and voltage and vertical compaction of the bulk were measured.

2.4. Solid Characterization

Proximate analysis

The volatile matter content and yield of crucible coke of the heat-treated material were measured
according to DIN 51720. Ash content of coal, coke, and its derivatives was measured according to
DIN 51719, whereas ash content of charcoal samples was determined according to DIN EN 14775.
Fixed carbon content was calculated by difference (Fixed carbon = 100% − ash content − volatile
matter content).

Elemental analysis

Elemental analysis of the feedstocks and solid residues was performed on an Elemental Analyser
2400 CHNS/O Series II (Perkin Elmer, Waltham, MA, USA) by Analytik-Service Gesellschaft mbH.
Acetanilide was used as a reference standard. Sulfur content was investigated for coal, semi-coke,
and metallurgical coke according to ASTM D 4239:2017. Oxygen content was calculated by difference,
in which ash content from the proximate analysis was used.

Scanning electron microscopy

SEM analysis of the char residue was conducted on a high-resolution microscope ULTRA 55
(Zeiss, Oberkochen, Germany) under high vacuum in order to understand structural properties of the
heat-treated material.

Compression strength

Compressive strength of the feedstock and heat treated particles was investigated using the
materials testing machine Z2.5 test Control II (Zwick/Roell, Ulm, Germany). Compression was
carried out with a constant feed of 1 mm·min−1. The compression force and compaction distance were
collected by testXpert II software (Zwick/Roell, Germany). The first major drop in compression force
was allocated to particle breakage. Results were reported as an average of 40 particles.

Mechanical durability

The mechanical durability (also called abrasions strength) of large particles was investigated
in a drum test (diameter: 200 mm, 4 lifters) as described elsewhere [35]. Samples were subjected to
1200 revolutions at 40 rpm. Particles less than 3.15 mm in size were separated by sieving, for which
mechanical durability was calculated as the weight percentage of the fraction remaining on the sieve
in relation to the initial sample weight. Prior to the experiment, particles less than 5 mm in size were
removed by sieving.

3. Results

3.1. Feed Material Composition

The proximate and ultimate analyses of the untreated coal, coke, and charcoal samples are shown
in Table 1. The volatile matter content of the charcoal samples were in the range 13.1 to 15.9% that
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revealed a primary heat treatment temperature between 500 and 700 ◦C [36]. A fixed carbon content
greater than 85% is referred to a as a metallurgical-grade charcoal [37]. Oxygen content was 7 to 9 wt.%
for the charcoals, as well as 13.8 wt.% for the coal, 2.6 wt.% for the semi-coke, and <0.1 wt.% for the
metallurgical coke.

Table 1. Proximate and ultimate analyses of feedstocks.

Feedstock Charcoal A Charcoal B Charcoal C Coal Semi-Coke Metallurgical Coke

Proximate analysis (wt.%)
Moisture (ar) 27.5 12.1 5.02 12.2 8.8 <0.1
Volatile matter (db) 15.9 13.8 13.1 38.8 5.4 0.9
Fixed carbon (db) 82.8 84.8 85.2 59.3 88.6 87.9
Ash (db) 3.97 1.89 1.75 1.25 5.87 10.90

Ultimate analysis (wt.%, dry basis)
C 85.5 83.5 88.1 78.3 88.5 87.7
H 1.95 2.28 2.51 4.72 1.24 0.21
N <0.50 <0.50 <0.50 1.61 1.44 1.75
O 7.40 8.68 7.14 13.77 2.64 <0.10
S <0.01 <0.01 <0.01 0.35 0.31 0.57

3.2. Product Yield

A summary of the product yield after the high-temperature resistivity treatment with respect to
proximate analysis is shown in Figure 2, while the detailed product yield and composition are presented
in the supplemental material (Table A1). As is evident from these results, the mass loss was between
2 to 5% larger than the volatile matter of the feedstock. Volatile matter content in the solid residue
after the heat treatment at 1600 ◦C was reduced from 13.1, 13.8, and 15.9 wt.% to 0.3 wt.% for charcoal
samples, which is similar to charcoal samples which were heat treated under the same operating
conditions [36]. Volatile matter content of fossil fuel reductants reduced from 0.9, 5.4, and 38.8 wt.%
to 0.1, 0.1, and 0.3 wt.% for metallurgical coke, semi-coke, and coal, respectively. The additional
mass loss occurs due to higher heat treatment temperature and the release of ash elements such as
alkali metals [38]. The bulk density of large particles slightly decreased from approximately 240 to
230, from 275 to 270 and 265 to 260 kg·m−3 for charcoal A, charcoal B, and charcoal C, respectively,
and from 700 to 535 and 640 to 615 kg·m−3 for coal and metallurgical coke, respectively, whereas bulk
density of semi-coke slightly increased from 420 to 425 kg·m−3. Only minor differences were observed
for the fraction of small particles compared to fraction of large particles, whereas bulk density of fines
was up to 50% higher than that of the fraction of large particle, as summarized in the supplemental
material (Table A2).

Hydrogen and oxygen content of heat-treated material decreased to less than 0.1 wt.%. Sulfur
content of fossil fuels remained nearly unchanged at 0.3 to 0.5 wt.%. Thus, heat treated coal, coke,
and charcoal exhibited a similar organic composition at 1600 ◦C on dry ash free basis. The molar H/C
and O/C ratios decreased by the thermal decomposition and release of volatile oxygenates, such as
organic acids, alcohols, and phenols as well as hydrogen, methane, carbon monoxide, and carbon
dioxide [39,40]. Dehydrogenation reaction at high temperature can form small aromatic cluster in the
carbon matrix [20,21], in which the increased number of clusters result in an enhanced aromaticity
of the solid residue. Ultimate analysis verified results from proximate analysis that solid residue is
composed of carbon and inorganic matter.
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Figure 2. Product yields of char for fines, small particles, and large particles after high temperature
measurement. The char yield is separated in ash, fixed carbon, and volatile matter by its proximate
analysis. The error bars characterize the standard deviations between the experiments.

3.3. Mechanical Properties

Table 2 summarizes the mechanical properties for the fraction of large particles (4.75–9.5 mm)
of the feedstock and solid residue produced in high-temperature set-up. Thermal shrinkage (TS)
describes the decrease in particle size due to thermal decomposition, shrinkage and generation of
fines by compaction. It was determined by the weight ratio of particles less than 4.75 mm to product
yield and measured in the range of 16 to 20% for charcoal, 7 to 8% for semi-coke, 4 to 5% for coal,
and ≤2% for metallurgical coke. TS was in good agreement with bed shrinkage during heating
and fines generation during compacting, where up to 7% of fine material was formed for charcoal
samples. The low TS of coal is related to its caking, whereas only minimal mass loss and shrinkage for
metallurgical coke was observed.

Prior to tumbling, particles less than 5 mm in size were removed by sieving. The mechanical
durability increased by 2 to 4% points to ~96% for heat-treated charcoal samples, whereas it decreased
by approximately 5% points for coal, 1.5% points for semi-coke, and 0.2% points for metallurgical
coke. The higher carbonization degree can enhance the mechanical stability by cross-linking and
larger aromatic structures, whereas a lower bulk density is related to a higher porosity. Fines and
small particles are harder and less porous than larger particles, providing a smaller contact area
between particles [34]. Inner surface area decreased at temperature greater than 1000 ◦C by collapsing
of small pores [20]. Thus, decreasing bulk density is related to increasing void fraction and large pores,
which resulted in a decreasing mechanical durability. In addition, storage may have affected tumbling
resistance for carbonaceous feedstock [41,42].

The compression strength was investigated at random particle orientation. Untreated charcoal A
particles started to break at a force of 20 to 60 N, and 30 to 60 N for charcoal B and charcoal C, whereas
heat-treated charcoal particles withstood a compression force of 40 to 80 N. Small amounts of fines
were generated at lower compacting force by breaking small supporting edges to stabilize particle
position in the set-up. Charcoal particles were generally crushed to fines and compacted at compaction
forces greater 200 N. The large difference in charcoal samples is correlated to a 3 to 4 times greater
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compressive strength in direction to wood fibers compared to the perpendicular direction [8]. Coal
particles withstood a compaction force of ~50 N before breaking, whereas crushing of broken particles
occurred between 150 and 200 N. Semi-coke and metallurgical coke particles broke after a minimum
force of 80 N and 100 N, and crushing resistance was measured between 200 and 300 N. The lower
compression strength of charcoal was related to its lower envelope density and larger porosity.

Table 2. Mechanical properties of charcoal, coal, and semi-coke before and after heat treatment.

TS/% Mechanical Durability/% Compression Strength/N
Sample Heat-Treated Raw Heat-Treated Raw Heat-Treated

Charcoal A 17.6 ± 1.2 93.6 95.6 ± 1.3 20–60 40–80
Charcoal B 16.6 ± 2.4 93.5 96.1 ± 0.4 30–60 40–80
Charcoal C 19.4 ± 3.1 91.8 96.0 ± 0.1 30–60 40–80
Coal 4.5 ± 0.6 99.4 94.3 ± 1.1 50 70
Semi-coke 7.6 ± 0.6 99.8 98.4 ± 0.6 80 100
Metallurgical coke 1.9 ± 0.1 99.8 99.6 ± 0.1 100 100

3.4. Electrical Resistivity at Elevated Temperature

Figure 3 shows the electrical resistivity of charcoal, coal, semi-coke, and metallurgical coke in the
temperature range from 950 to 1650 ◦C. Only semi-coke and metallurgical coke exhibited a detectable
electrical conductivity below 950 ◦C, as shown in the supplemental material (see Figure A1). For both
coke samples, electrical resistivity slightly increased from room temperature to 300 ◦C and subsequently
decreased with increasing heat treatment temperature. Electrical resistivity of charcoal decreases from
approximately 107 Ω·m at 600 ◦C to 100 Ω·m at 800 ◦C [3], respectively from 9 · 103 Ω·m to 200 Ω·m for
coal in the same temperature range [5]. At elevated temperature, electrical resistivity of large particles
further decreased from 70 mΩ·m at 1000 ◦C to approximately 12 mΩ·m at 1650 ◦C for semi-coke,
from approximately 11.5 to 5.5 mΩ·m for metallurgical coke, and from 20 to 6 mΩ·m for coal. Similar
values were reported for coal and coke in the literature [22,27,34,43]. Electrical resistivity of charcoal
particles decreased from higher than 100 mΩ·m at 1000 ◦C to a range of 14 to 18 mΩ·m at 1600 ◦C.

Electrical resistivity continued to decrease slightly after final temperature was reached, as shown
in the supplemental material (see Figure A2). This drop was related to a decreasing temperature
gradient in the measuring zone, especially between the bulk center and the top Mo-wire, as shown in
the supplemental material (see Figure A3). No further reduction in electrical resistivity was observed
after a stationary temperature was reached. The electrical resistivity at final temperature varied
between 8.2 to 15 mΩ·m for charcoal, 3.5 to 6.5 mΩ·m for metallurgical coke, 8.5 to 12 mΩ·m for
semi-coke, and 4.5 to 6.5 mΩ·m for coal. The decrease in electrical resistivity was attributed to the
removal of oxygen-containing functional groups and the restructuring of the carbon matrix [44–48].
Differences in electrical resistivity by feedstock were related to the bulk density and final temperature
of the samples, summarized in Figure 4.
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After the samples were cooled overnight, electrical resistivity was evaluated at room temperature
in same set-up. The last measurement at elevated temperature versus electrical resistivity measurement
at room temperature is shown in Figure 5. The electrical resistivity at room temperature was scattered
around measurements at elevated temperature for small and large particles, which resulted in an
overestimation or underestimation at room temperature by an average of 25%. Differences were
related to cooling and removing the crucible from furnace, which resulted in a thermal shrinkage
of 0.5 to 1% and micromovement of bulk material. Coefficient of determination for small and large
particles was calculated as 56%. However, a large difference was observed for charcoal fines, in which
electrical conductivity was approximately twofold lower at room temperature compared to hot state.
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Figure 5. Comparison of electrical resistivity measurement at elevated temperature to measurement at
room temperature after cooling.

3.5. Electrical Resistivity under Load

The electrical resistivity under load of heat treated material is shown in Figure 6 for the releasing
compaction force. Increasing compression force on bulk material resulted in a compaction and
increased bulk density of the material, as shown in the supplemental material (see Figures A4 and
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A5. The main compaction occurred at a force less than 100 N (50 kPa), in which the increasing force
resulted in the compaction of bed material and decrease in electrical resistivity, from approximately
15 to 4 mΩ·m for metallurgical coke, 35 to 2.4 mΩ·m for semi-coke, 37 to 2.9 mΩ·m for coal, and 33
to 3 mΩ·m for charcoal. Bulk density increased by approximately 2–6% by filling the void fraction
between the particles. The resistivity under load was less affected by particle size than by its initial
compaction. Electrical resistivity under load of large and small particles was in an acceptable similarity
to the measurements at high temperature, as shown in the supplemental material (see Figure A6).

Minor amounts of fines were formed by compaction to 250 kPa, confirming the results from
the compression strength. Based on the compression strength of single particles, a pressure greater
than 400 kPa can be introduced before breaking charcoal particles, and greater than 1000 kPa for
metallurgical coke particles. Thus, only limited amounts of generated particles fill the void fraction of
bulk material. Otherwise, increasing compaction force improves the contact between neighboring
particles by increasing the number of contact points [22,32] and decreasing the air gap between
particles [28]. Contact resistance can be two to ten times larger than electrical resistance from solid
material [22,32,34], in which a decreasing particle size results in an increasing electrical resistivity.
However, this effect is balanced by an increased number of contacts and conductive paths through
the bulk.

0 50 100 150 200 250
0

5

10

15

20

25

30

35

40

45

0

50

100

150

200

250

300

350

400

E
le

ct
ric

a
l r

es
is

tiv
ity

 / 
m


·m

Compaction pressure / kPa

 < 2.00 mm
 2.00 - 3.35 mm
 3.35 - 4.75 mm
 4.75 - 9.50 mm

 Electrical resistivity            Bulk density

 B
ul

k 
de

ns
ity

 / 
kg

·m
-3

(a) Charcoal A

0 50 100 150 200 250
0

5

10

15

20

25

30

35

40

45

0

50

100

150

200

250

300

350

400

E
le

ct
ric

a
l r

es
is

tiv
ity

 / 
m


·m

Compaction pressure / kPa

 < 2.00 mm
 2.00 - 3.35 mm
 3.35 - 4.75 mm
 4.75 - 9.50 mm

 Electrical resistivity
 Bulk density

 B
ul

k 
de

ns
ity

 / 
kg

·m
-3

(b) Charcoal B

0 50 100 150 200 250
0

5

10

15

20

25

30

35

40

45

0

50

100

150

200

250

300

350

400

E
le

ct
ric

a
l r

es
is

tiv
ity

 / 
m


·m

Compaction pressure / kPa

 < 2.00 mm
 2.00 - 3.35 mm
 3.35 - 4.75 mm
 4.75 - 9.50 mm

 Electrical resistivity
 Bulk density

 B
ul

k 
de

ns
ity

 / 
kg

·m
-3

(c) Charcoal C
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(e) Semi-coke
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Figure 6. Electrical resistivity and bulk density versus compaction pressure for (a) charcoal A,
(b) charcoal B, (c) charcoal C, (d) coal, (e) semi-coke, and (f) metallurgical coke.
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4. Surface Morphology

The surface of heat-treated material was investigated by scanning electron microscopy. Charcoal
samples heat treated at 1600 ◦C showed similar structure to its feedstock. Charcoal A exhibited mostly
longitudinal tracheids cells and resin canals, schematically shown in Figure 7a, whereas a large number
of vessels was observed for charcoals B and C, as shown in Figure 7b,c. The results reveal that charcoal
A is a softwood, whereas charcoals B and C are hardwoods [49].

Heat-treated coal exhibited a molten surface as shown in Figure 7d. The molten surface confirmed
secondary tar reactions of the metaplast [50], leading to caking of the coal particles, as shown in the
supplemental material (see Figure A7). Cracks were observed in the outer surface area with a low
amount of pores. Semi-coke particles on the other hand exhibited a porous outer surface, schematically
shown in Figure 7e. Metallurgical coke contained molten areas with a pore structure as shown in
Figure 7f.

(a) Charcoal A (b) Charcoal B

(c) Charcoal C (d) Coal

(e) Semi-coke (f) Metallurgical coke

Figure 7. SEM images of (a) heat-treated charcoal A, (b) heat-treated charcoal B, (c) heat-treated
charcoal C, (d) heat-treated coal, (e) heat-treated semi-coke, and (f) heat-treated metallurgical coke.
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5. Discussion

The electrical resistivity of carbonaceous reducing agents decreased with increasing heat treatment
temperature [8,22,27,28,32,35], increasing bulk density and increasing load. At temperatures less
950 ◦C, high oxygen content and disordered carbon structure act as an insulator in biomass, charcoal,
and coal [3,44,45,47]. Hydrogen and oxygen content decrease with increasing heat treatment temperature
by thermal decomposition and release of volatile matter, such as oxygenates CO, CO2, CH4, and H2 [51],
which result in a decrease in electrical resistivity by 5 orders of magnitude [1,3]. Semi-coke and metallurgical
coke on the other hand have been produced at ~900 ◦C and between 1100 to 1400 ◦C in their production
processes [52], and thus already provide a reduced electrical resistivity in low temperature range.

Simulation have shown that 5 to 15% of electrical current is conducted through the burden of SAF
by using metallurgical coke [22]. The electrical properties of charcoal and coal at low heat treatment
temperature inhibit a conduction of current in the higher regions of the SAF [1,43]. With traveling
carbonaceous material to the high temperature zone of SAF, the electrical properties of charcoal
approach the properties of fossil reductants such as coal and semi-coke, but remain higher than for
metallurgical coke. A higher electrical resistivity enables lower tip position in submerged arc furnaces,
and thus improves the heat generation in the lower part of the furnace [19].

The electrical resistivity of metallurgical coke decreased from 13 mΩ·m at 1000 ◦C to
approximately 6.5 mΩ·m at 1600 ◦C for a particle size of 4.75–9.5 mm, similar to that described in the
literature for larger particles (10–20 mm) [35]. It was reported that electrical resistivity decreased by
approximately 50% by increasing particle size from 5–10 mm to 15–20 mm [19]. Charcoal particles
larger than 2 mm were measured to approximately 50 mΩ·m at 1100 ◦C and 17 mΩ·m at 1600 ◦C,
similar to larger grain sizes (5–35 mm) reported in the literature [35]. The current results indicate that
the particle size affects electrical conductivity less than bulk density. The minor effect of the particle
size can be explained by the increased number of contact points in carbon bed, in which particle size
decreases similar to the increased number of contact points [31]. However, in industrial furnaces
the contact between particles of the carbon bed can be affected by the presence of slag, which can
result in an increased particle-to-particle resistance [19]. However, softwood, with the lowest density,
provided an electrical conductivity similar to both hardwood samples and electrical resistivity of
charcoal approached that of fossil fuels despite its twice lower bulk density.

Compacting pressure in SAF will increase by weight of the burden towards the carbon bed.
Contact pressure and number of electrical contact points will increase with increasing pressure,
resulting in a decreasing electrical resistivity [53,54]. Li et al. investigated electrical resistivity for high
compacting pressure and concluded that electrical resistivity decreased up to a pressure of 19 GPa [55].
At compressive pressure of ~8 MPa an electrical resistivity of 2 Ω·m can be achieved [1]. However,
with increasing pressure the particles can break at the contact point and create a new or better contact
between the particles, resulting in a more even current density between particles at the cost of gas
permeability [32].

A major issue for replacing metallurgical coke by renewable bed material is the mechanical
property. In general, charcoal provides a lower mechanical stability and higher CO2 reactivity than
coke and coal. The current investigation has shown that the durability of charcoal particles improved
after heat treatment at 1600 ◦C, indicating improved mechanical properties at the hearth of the furnace.
The compression strength of heat-treated charcoal varied between 20 to 80 N, corresponding to a
maximum pressure of 400 to 1600 kPa before breaking and the generation of large amounts of fines.
A maximum pressure of 150 kPa is assumed by the burden in SAF based on the assumptions stated in
Appendix E in the supplemental material. The thermal shrinkage indicates that between 15 to 20% of
fines can be generated by bed movement and thermal stress in the burden, increasing an increased
risk of clogging and slag boiling [19]. Thus, durability of carbonaceous material is considered more
important for improvement than its mechanical stability towards compression.

Metallurgical coke and charcoal are assumed to last for a long time period as bed material.
Xiao et al. reported that electrical resistivity of charcoal decreased with increasing residence time [56].
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The current investigation showed that decreasing electrical resistivity was primarily correlated to heat
treatment temperature, bulk density, and temperature profile inside the bulk, whereas prolonging
the residence time did not affect electrical resistivity. At 1600 ◦C, the charcoal structure comprises
amorphous and nanocrystalline graphite, in which prolonging residence time to 12 h led to the
formation of ring graphitic structures [21]. However, the increase in crystallite growth is compensated
by a decrease in excess electrons [1], which resulted in a quasi-constant electrical resistivity. Thus,
increasing the residence time at 1600 ◦C has less of an effect on electrical resistivity than increasing the
residence time below 950 ◦C [1].

Measurement at room temperature resulted in an overestimation or underestimation of electrical
resistivity up to 50%. Bed shrinkage and bed movement led to the collapse and formation of current
paths, affecting the measurement for heat treated materials. Measurements under load demonstrated a
large impact of the initial compaction on electrical resistivity at low pressure. Thus, in situ measurement
at elevated temperature in the same set-up is superior to multiple measurements of pre-heat-treated
material. Deviation between hot temperature and room temperature measurement was especially large
for charcoal with grain sizes less than 2 mm. Results at room temperature for particles larger than 2 mm
scattered around electrical resistivity at high temperature with a deviation of ~25%. The results indicate
that electrical resistivity can be determined from pre-heat-treated material with acceptable accuracy for
grain sizes larger than 2 mm. However, cold measurements of charcoal fines underestimated electrical
resistivity by more than 50%.

6. Conclusions

Electrical properties of charcoal, coal, semi-coke, and metallurgical coke have been investigated at
elevated temperature and compared to measurements at room temperature under load. The results
showed that the electrical resistivity of charcoal approached that of coal and metallurgical coke
at temperatures above 1400 ◦C and was similar to semi-coke at temperatures higher than 1050 ◦C.
Heat treatment prior to electrical resistivity measurement can be carried out to determine electrical
properties at room temperature at acceptable accuracy for particles larger than 2 mm, whereas electrical
resistivity of powder and smaller particles is overestimated. The mechanical load of the burden mostly
affected electrical conductivity at compaction pressure less 50 kPa, whereas electrical resistivity only
slightly decreased at higher load. The results showed that electrical resistivity is mainly dependent
on heat treatment temperature, compacting pressure, and bulk density, whereas particle size and
residence time provide only minor effects. Mechanical durability of charcoal after heat treatment at
1600 ◦C increased by 4% points to 96% and mechanical strength improved up to 80 N (corresponding
400 kPa), which is sufficient to withstand compression from the burden. In summary, charcoal can
be used as an alternative carbon source for carbon bed in submerged arc furnaces with improved
electrical properties.
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Abbreviations

The following abbreviations are used in this manuscript.

A Cross-sectional area
ar as received
db dry basis
EAF Electric arc furnace
I Current
IF Induction furnace
l length
NTNU Norwegian University of Science and Technology
SAF Submerged arc furnace
TS Thermal shrinkage
Tbw Temperature at the bottom Mo-wire
TC Temperature in the center of the bulk
Tiw Temperature at the inner wall of the Al-tube
Tow Temperature at the outer wall of the Al-tube
Ttw Temperature at the top Mo-wire
V Voltage

Appendix A. Composition of Heat Treated Material

Table A1 summarizes the product yield, proximate, and ultimate analyses of the heat-treated
material. Ash content of the products remained only slightly changed with heat treatment at 1600 ◦C,
whereas volatile matter content was reduced from 13.1, 13.8, and 15.9 wt.% to less than 0.3 wt.% for
charcoal, from 38.8 wt.% to less than 0.3 wt.% for coal, and from 5.4 and 0.9 wt.% to approximately
0.1 wt.% for semi-coke and metallurgical coke, respectively. Ultimate analysis was carried out at
ASG Analytik-Service Gesellschaft mbH. After heat treatment, hydrogen and nitrogen contents were
determined for all samples below detection limit to less than 0.1 wt.% and less than 0.5 wt.%, confirming
previous results [36]. Sulfur content decreased from 0.57 to 0.5 wt.% for metallurgical coke, and from
0.35 to 0.3 wt.% for semi-coke and coal. The low volatile matter, hydrogen and oxygen contents confirm
that solid residue at 1600 ◦C is mainly composed of carbon and ash.

Table A1. Product yield, proximate, and ultimate analyses of samples after heat treatment.

Particle Size Solid Yield Ash Fixed Carbon Volatile Matter C H N O S
/mm /wt.%, db /wt.%, db

Metallurgical coke
<2.0 mm 94.0± 0.3 11.4 88.5 0.1± 0.02 88.5 <0.1 <0.5 <0.1 0.5
2.0≤d≤ 4.75 94.0± 0.3 11.4 88.5 0.1± 0.02 88.4 <0.1 <0.5 <0.1 0.5
4.75≤d≤ 9.5 93.8± 0.3 11.9 88.0 0.1± 0.02 88.1 <0.1 <0.5 <0.1 0.5

Semi-coke
<2.0 mm 91.4± 0.3 2.3 97.6 0.1± 0.02 97.9 <0.1 <0.5 <0.1 0.3
2.0≤d≤ 4.75 90.1± 0.3 2.4 97.5 0.1± 0.02 97.3 <0.1 <0.5 <0.1 0.3
4.75≤d≤ 9.5 89.9± 0.3 2.3 97.6 0.1± 0.03 97.1 <0.1 <0.5 <0.1 0.3

Coal
<2.0 mm 61.9± 0.3 1.7± 0.3 98.0 0.3± 0.04 99.2 <0.1 <0.5 <0.1 0.4
2.0≤d≤ 4.75 62.8± 0.3 1.8± 0.2 97.9 0.3± 0.03 98.3 <0.1 <0.5 <0.1 0.3
4.75≤d≤ 9.5 62.9± 0.3 1.7± 0.3 98.0 0.3± 0.06 98.0 <0.1 <0.5 <0.1 0.3

Charcoal A
<2.0 mm 82.5± 0.3 2.0± 0.3 97.7 0.3± 0.03 97.9 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 80.4± 0.3 2.5± 0.2 97.2 0.3± 0.04 97.5 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 81.0± 0.3 3.0± 0.3 96.7 0.3± 0.02 97.1 <0.1 <0.5 <0.1 -

Charcoal B
<2.0 mm 79.7± 0.3 1.4± 0.2 98.4 0.2± 0.05 98.5 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 81.5± 0.3 1.5± 0.1 98.3 0.2± 0.04 98.4 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 78.9± 0.3 1.8± 0.3 97.9 0.3± 0.05 98.1 <0.1 <0.5 <0.1 -

Charcoal C
<2.0 mm 83.3± 1.3 1.9± 0.1 97.9 0.2± 0.03 98.0 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 84.0± 0.9 1.7± 0.2 98.1 0.2± 0.05 98.1 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 81.4± 1.5 2.1± 0.3 97.7 0.2± 0.05 97.9 <0.1 <0.5 <0.1 -
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Appendix B. Electrical Resistivity at Low Heat Treatment Temperature

Electrical conductivity of semi-coke and metallurgical coke in the temperature range from 20
to 1650 ◦C is shown in Figure A1. Electrical resistivity slightly increased from room temperature to
300 ◦C by thermal expansion and bed alignment. The electrical resistivity of semi-coke decreased after
surpassing 600 to 900 ◦C, which is the pyrolysis temperature in the production. Similarly, electrical
resistivity of metallurgical coke decreased at temperatures higher 1100 ◦C, which can be accounted
as the heat-treatment temperature in production [52]. Thus, electrical properties can also be used to
identify the prior heat treatment temperature.
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Figure A1. Electrical resistivity of semi-coke and metallurgical coke from 20 to 1650 ◦C.

Appendix C. Residence Time

Samples were kept at 1600 ◦C for 60 min to ensure an even temperature profile in the alumina
tube. Electrical resistivity for charcoal and fossil-reducing agent samples is shown in Figure A2. It can
be noted that electrical resistivity decreased in the first 30 min after reaching the set point temperature
and continued to decrease slightly afterwards. The difference in electrical resistivity was pronounced
in the fine fractions (d < 2 mm), whereas fraction of large particles was less affected by increasing
residence time.
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Figure A2. Electrical resistivity vs. temperature after reaching set point temperature for (a) charcoal
and (b) fossil-reducing agents.
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The decrease in electrical resistivity was related to the temperature gradient in the bulk.
While temperature gradient between center temperature and lower wire was stable approximately
10 min after reaching the set point temperature, top wire temperature continued to increase slightly,
schematically shown in Figure A3. It can be noted that temperature gradient between bottom and top
wire decreased from about 300 ◦C at the beginning of residence time to 250 ◦C after 60 min and kept
nearly constant afterwards.
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Figure A3. Temperature over time for control temperature, bottom wire, center, and top wire
temperature for the heating program in IF75. Electrical resistivity over time is given for charcoal
B as reference.

Appendix D. Electrical Resistivity under Load

Figure A4 shows the electrical resistivity and bulk density versus compression pressure for
the cycle of compression and pressure release at room temperature in the 4-probe setup. Bulk
density increased with increasing compaction pressure and decreases with a lower slope for pressure
release, in which bulk density increased by 1.5 to 5.5% at 250 kPa compacting force, as shown in
Figure A5. Compaction after releasing the pressure was measured to a range between 0.7 and 3.5%.
The compaction after the cycle indicates that void space was filled by particle ordering in the bulk.

Electrical resistivity at 6 kPa compacting pressure is summarized for both set-ups in Table A2.
Results are compared at final temperature in IF75 and pressure release in 4-probe setup in Figure A6.
In the latter, electrical resistivity was higher for the compression route than the pressure release
route due to ordering of the bulk. Charcoal and semi-coke particles larger than 2 mm showed a
lower electrical resistivity in the 4-probe set-up compared to that at elevated temperature using
IF75. On the other hand, electrical resistivity was higher for coal and metallurgical coke particles
using the 4-probe setup at atmospheric temperature. The lower electrical resistivity was attributed
to the higher bulk density and compaction for carbon material. The lower electrical resistivity of
coal particles in IF75 was attributed to caking and agglomeration of particles, exemplary shown in
Figure A7, whereas loose particles were used in 4-probe setup. It is known from the literature that
contact resistance is higher than material resistance for dry coke beds [32]. The electrical resistivity of
fines fraction remained higher at room temperature compared to experiments at elevated temperature
for all investigated samples.

The results at room temperature indicate that electrical resistivity increases with increasing
particle size as reported in the literature [19,32–34]. However, measurements at elevated temperature
have shown that bulk density has just as great an influence on electrical resistivity as particle size
for dry carbon beds. Thus, electrical resistivity measurements at room temperature can approve the
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tendency of materials, but quantification should be investigated at elevated temperature for bed
material used in submerged arc furnaces.
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(b) Charcoal B
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(c) Charcoal C
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(d) Coal
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(e) Semi-coke
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(f) Metallurgical coke

Figure A4. Electrical resistivity and bulk density versus compaction pressure for the cycle of
compacting and pressure release of (a) charcoal A, (b) charcoal B, (c) charcoal C, (d) coal, (e) semi-coke,
and (f) metallurgical coke.
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Figure A5. Compaction of carbon bulk material versus pressure for the fractions of small and
large particles.

Table A2. Electrical resistivity of both setups at 6 kPa compaction pressure.

IF75 4-Probe Setup
Electrical Resistivity Bulk Density Electrical Resistivity Bulk Density

/mΩ·m /kg·m−3 /mΩ·m /kg·m−3

Hot * After Cooling Compaction Pressure Release

Metallurgical coke
Fine 7.32 6.50 920 11.97 8.84 550
Small fraction 7.87 6.47 616 13.88 8.37 560
Large fraction 6.03 6.38 600 10.24 6.72 560
Semi-coke
Fine 8.68 10.77 620 20.28 11.54 660
Small fraction 9.41 9.02 420 19.42 7.44 430
Large fraction 11.05 9.48 390 20.94 6.25 430
Coal
Fine 3.48 5.98 590 36.03 12.43 750
Small fraction 6.01 9.01 520 19.02 12.24 580
Large fraction 5.00 8.37 480 22.33 8.84 560
Charcoal A
Fine 7.84 12.94 240 41.72 18.70 350
Small fraction 9.73 11.66 230 24.27 6.12 270
Large fraction 11.71 12.24 230 16.61 5.66 270
Charcoal B
Fine 7.64 19.00 385 43.08 17.10 400
Small fraction 11.23 12.13 265 34.14 9.15 290
Large fraction 11.39 13.08 255 40.99 6.97 290
Charcoal C
Fine 8.22 16.75 360 45.76 11.62 410
Small fraction 10.97 11.80 280 30.99 9.13 290
Large fraction 12.48 10.49 260 24.83 6.13 290

* Final measurement before furnace was switched off for cooling.
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Figure A6. Electrical resistivity at 6 kPa in room temperature in 4-probe set,up versus measurements in
IF75 at elevated temperature.

(a) Small particles (b) Large particles

Figure A7. Images of coal char agglomerate from pyrolysis at 1600 ◦C using (a) small particles and
(b) large particles.

Appendix E. Estimation of the Burden Load on the Carbon Bed

Measurements in the 4-probe set-up have shown that a load on the bed material has a large
impact on electrical resistivity. In industrial furnaces, the load on carbon bed is dependent on the size
and operation of the electric arc furnace and induced by the raw materials of the burden. Feedstock for
manganese production is comprised of manganese ore, flux melting agents, and metallurgical coke,
respectively, silica and reducing agents for silicon production. Maximum pressure is obtained for
manganese ore and coke blend due to the higher density of the material. Bulk density of manganese
ore is in the range of 2950 to 4600 kg·m−3 with a theoretical maximum of 5230 kg·m−3 [57] and
the density of metallurgical coke is approximately 780 kg·m−3 [58] with an ash content of 10%.
Approximately 15 wt.% of carbon is required to reduce MnO2 to its metal form, corresponding to a
volume fraction of 45 to 55%. Thus, average density of the feedstock without considering void fraction
is in the range of 1950 to 2475 kg·m−3. A maximum compression pressure of 150 kPa was calculated
according to the following equation,

Maximum compression =
(

ρreducing agent · wreducing agent + ρmanganese ore · wmanganese ore

)
· g · h (A1)

where ρ is the density, w is the mass fraction, g is the gravitational acceleration, and h is the burden
height, which was assumed as 6 m. However, due to the void fraction between particles, additional
flux agents, and larger amounts of reducing agents added, load is reduced to a range between 80 to
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100 kPa. In addition, with increasing volume fraction required by charcoal, compaction pressure is
further reduced to less than 55 kPa. In all cases, mechanical stability of charcoal and fossil reducing
agents is sufficient to withstand the compaction pressure of the burden.
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