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Abstract: The foundry industry is currently facing challenges to reduce the environmental impacts
from application of fossil fuels. Replacing foundry coke with alternative renewable carbon sources can
lead to significant decrease in fossil fuel consumption and fossil CO2 emission. The low bulk density,
low energy density, low mechanical strength and the high reactivity of biocarbon materials are the main
factors limiting their efficient implementation in a cupola furnace. The current study aimed at designing,
optimizing and developing briquettes containing biocarbon, namely, biocarbon briquettes for an efficient
use in cupola furnace. Laboratory hydraulic press with compaction pressure of about 160 MPa and
stainless-steel moulds (Ø = 40 mm and 70 mm) were used for compaction. The density, heating value,
energy density, mechanical strength and reactivity of biocarbon briquettes were measured and
evaluated. The compressive strength and splitting tensile strength of biocarbon briquettes were
measured by a compression device. The reactivity of biocarbon briquettes was measured under
controlled conditions of temperature and gas atmosphere using the thermogravimetric analysis
technique (TGA). Different types of binders were tested for the compaction of commercial charcoal
fines with/without contribution of coke breeze. The effect of charcoal ratio, particle size, binder type,
binder ratio, moisture content and compaction pressure on the quality of the biocarbon briquettes
was investigated. Molasses with hydrated lime and cement were superior in enhancing the biocarbon
briquettes strength and energy density among other tested binders and additives. The briquettes’
strength decreased as the biocarbon content increased. The optimum recipes consisted of 62%
charcoal fines, 20% molasses, 10% hydrated lime and 8% cement. Cement is necessary to develop the
tensile strength and hot mechanical strength of the briquettes. The charcoal with high ash content
showed higher strength of briquettes but lower heating value compared to that with low ash content.
Dispersion of silica suspension on charcoal particles during the mixing process was able to reduce the
reactivity of biochar in the developed biocarbon briquettes. The biocarbon briquettes density and
strength were increased by increasing the compaction pressure. Commercial powder hydrated lime
was more effective in enhancing the briquettes’ strength compared to slaked burnt lime. Upscaling
of biocarbon briquettes (Ø = 70 mm) and testing of hot mechanical strength under load indicated
development of cracks which significantly reduced the strength of briquettes. Further development
of biocarbon briquettes is needed to fulfil the requirements of a cupola furnace.
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1. Introduction

The melting process in the manufacturing of ferrous metals is responsible for a large part of the
energy consumption and carbon dioxide emissions from foundries. One of the most common melting
technologies used for production of cast iron in large volumes is the cupola furnace, where foundry coke
is the main source of energy. Technological developments and optimization of operation conditions have
improved the energy efficiency and productivity of the cupola melting process. However, demands for
decreasing the fossil greenhouse gas (GHG) emissions are new challenges for the foundries using cupola
furnaces and for the steel industry. Using renewable carbon sources for partial or full replacement of
the fossil carbon in the cupola furnace leads to lower CO2 emissions and environmental effects from
the foundries. The bio-carbon materials need to meet the requirements for density, strength and size to
ensure smooth operation and product quality. Therefore, the compaction of bio-carbon materials has
been studied for application in different types of processes.

Replacement of foundry coke in a cupola furnace with renewable carbon and biomass products is
one option for securing the sustainability of this vital process; however, the relatively low mechanical
strength, low energy density and high reactivity of biomass represent the main challenges for its
efficient implementation [1,2]. Isnugroho et al. [3] tested biomass residues as a secondary energy source
in a cupola furnace. Injection of biomass charcoal particles prepared from plant residues increased
the temperature in the furnace and lowered the coke consumption. Echterhof et al. [4,5] investigated
the potentials of using different biomass to partially replace fossil carbon sources in a cupola furnace.
Injection tests were carried out in an industrial cupola furnace using biochar consisting of 78–80%
fixed carbon and 18–19% volatiles. Injection of 100 kg biochar/h resulted in reduction of coke rate by
8.2–9.2%. Continuous injection of biochar was not possible due to increased temperature in the furnace
chamber. The selected biomaterials were briquetted using different binders and the strength of the
briquettes was compared to the strength of reference foundry cokes. Since the mechanical strength of
the briquettes was low, they were not tested in the cupola furnace [4,5].

Several studies have been performed to develop anthracite briquettes to replace foundry coke in
a cupola [6–9]. Briquettes made of anthracite grains, lignin, collagen and silicon were tested in two
cupola furnaces and the replacement started from 12% up to 25% [6]. The process and melt conditions
remained similar when coke was partially replaced by anthracite. The developed briquettes had a
similar mechanical strength and efficiency as the foundry coke. However, the briquettes burnt faster
than conventional coke when they reached the tuyeres [6]. In a recent publication by Noh et al. [7],
it was shown that briquettes made of anthracite, plant by-products, collagen and silicon metal powder
have suitable strength at high temperatures for replacing coke in foundries. Formation of silicon carbide
nanowires in the briquettes after pyrolysis at 1400 ◦C for 2 h resulted in high mechanical strength for
top charging in cupola furnace. Torielli et al. [8] discussed the effectiveness of different innovative
technologies to reduce the consumption of foundry coke, such as replacing coke by anthracite briquettes,
which resulted in 6% reduction of total carbon charge to the cupola. Gabra el al. [9] reported reducing
of coke by ~38 kg/t of metal and increasing the energy efficiency from 43% to 62% by hybridizing the
cupola furnace with a biomass wood gasifier. According to his assumptions, the biomass gasifier can
be used to heat up the blast air going to cupola to about 475 ◦C which will save the foundry coke
consumption in the cupola furnace.

Wang et al. [10] investigated the densification and gasification of biocarbon powders. Compaction
was conducted using alkaline lignin and wheat starch as binders in roller press equipment. Addition of
binders improved the strength of briquettes. Gasification of small samples by CO2 was studied at
850 ◦C using thermogravimetric analysis (TGA). Higher gasification rates were observed in samples
with alkaline lignin binder. This was contributed to by the presence of inorganic elements which
catalyse the CO2 gasification reaction. Their work showed that different binders affect the reactivity
and strength of bio-carbon briquettes in different ways and, therefore, the final application of the
briquettes is affected by the type of binders used. In a study by Rahman et al. [11] the variation of
strength in biochar fuel briquettes with different sizes and shapes was evaluated. The briquettes were
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made of char fines (below 3 mm) and starch. They mixed char fines and starch solution using a surface
dressing technique. During this process, the sharp and weak edges of the char particles were removed
as a result of forces and friction between particles. This led to higher bulk density and reduced the
surface defects of char particles. The mixtures were compacted using a hydraulic laboratory press and
a pilot scale roller press. The authors observed that lower length to diameter ratio in the cylindrical
briquettes lead to higher surface strength. The surface compression strength of cylindrical briquettes
was 5 times higher than the point compression strength of pillow-shaped briquettes with the same
recipes. Ifa el al. [12] investigated the briquetting of biochar derived from the pyrolysis of cashew nut
waste. The biochar with different additives of starch (8–12%) was briquetted using a hydraulic press at
a compaction pressure of 300 kg/cm2. The biocarbon briquettes produced from biochar with particle
size less than 74 µm and 12% addition of starch showed the highest compaction strength (7.6 kg/cm2).

Despite the noticeable potentials of application of biomass in the foundries, limited numbers
of studies have focused on testing renewable carbon briquettes on a large scale. Knowledge of the
behaviour of briquettes at high process temperatures is scarce. The main challenge for developing the
bio-carbon compacts is to fulfil the required characteristics suitable for utilization in cupola furnaces.
This work has focused on evaluation of different additives and binders for compaction of bio-carbon
and study of the behaviour of renewable materials at the laboratory-scale to build the foundation for
upscaling and future developments for application of bio-carbon in a cupola furnace.

The studies in the present work started with the selection of raw materials and design of recipes.
Different types and amounts of coke breeze, biochar, binders and additives were used. The briquettes,
on a small-scale, were evaluated with respect to density, energy density, reactivity and mechanical
strength. After comparison with reference samples, selected recipes were used and modified for
developing larger briquettes. These briquettes were tested at high temperatures and compared to
reference samples of foundry coke and coke breeze. This study provided useful information about
effect of different parameters on compaction of biochar, selection of materials and performance of
briquettes at high temperatures. The information is valuable for further developments of renewable
carbon briquettes for industrial tests.

2. Materials and Methods

2.1. Coals and Particle Preparation

Two types of commercial charcoal with low and high ash contents, namely Charcoal 1 and Charcoal
2, and industrial coke breeze were used in the preparation of biocarbon briquettes. The particle size
distributions of Charcoal 1 and 2 were measured and compared to coke breeze, as shown in Figure 1.
Most particle sizes for all coals were in the range of 0.50–5.6 mm and the fines fractions were decreased
in order of Charcoal 2 > Charcoal 1 > coke breeze. The chemical analysis of coke breeze and charcoals
are given in Table 1.
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Table 1. Analysis of applied coals and binders.

Materials Moisture,
%

Ash, %
(db)

VM, %
(db)

C-Fix,
% (db)

C-Total,
% (db)

H, %
(db)

N, %
(db)

O, %
(db)

S, %
(db)

HHV,
MJ/kg

Charcoal 1 3.5 0.7 18.6 80.7 87.0 3.4 0.2 8.3 0.0 31.1
Charcoal 2 2.4 39.2 11.6 49.2 54.2 1.6 0.1 4.8 0.0 18.4

Coke breeze 8.6 11.4 0.6 87.8 86.8 0.2 1.3 0.2 0.5 30.9
Molasses 19.0 5.6 88.4 6.1 42.7 3.8 0.9 52.6 0.78 15.0
Wood tar 12.6 4.1 67.9 28.0 40.0 6.3 0.1 53.7 0.0 21.6
Bitumen 0 1.7 22.0 70.0 85.7 5.3 1.9 3.6 1.8 41.4
Lignin 11.0 0.8 59.6 39.6 59.3 5.9 0.1 26.7 1.2 26.9

Nanocellulose 10.9 0.7 88.3 10.9 43.3 6.5 0.2 49.3 0.0 17.2

2.2. Binders Selected for Compaction

Six different organic binders; molasses/hydrated lime, wood tar, bitumen, lignin, nanocellulose
and keracoal were selected for the compaction of charcoal fines with/without addition of Portland
cement and coke breeze. The chemical compositions of binders used in the present study, except
Keracoal which is a type of organic binder recently developed by Keramicalia [13], are given in Table 1.

2.3. Design of Recipes

The optimal design of recipe for biocarbon briquettes depending on binder type, binder ratio, and
compaction pressure was derived from 27 tests. Reference recipe (R0) was produced from coke breeze
and cement as binder, while recipes R1–R6, as given in Table 2, were produced from 45–50% of coke
breeze, 25% of charcoal 1 and 10% of cement while different binders (molasses, wood tar, bitumen and
lignin) were tested. The compaction pressure was fixed for all at 160 MPa.

Table 3 shows the composition of recipes R7–R15 that were designed for briquetting of Charcoal 2,
which has lower carbon and higher ash content compared to Charcoal 1. The recipes were designed
with/without coke breeze and different types of binders. Higher content (50–80%) of Charcoal 2 is
applied in recipes R7–R9 compared to R0 (0% charcoal) or R4 (25% Charcoal 1). Recipes R10 and
R11, with composition simulating R4, were used to produce briquettes under compaction pressure of
80 and 160 MPa, respectively, to investigate the effect of the compaction pressure and charcoal type
on the briquettes’ strength. The binding efficiency of Keracoal binder [13] was examined in recipes
R11–R13. Recipe R14 was designed to simulate R4 (Charcoal 1), while R15 (10% cement) was designed
to simulate R8 (without cement).

Recipes R16–R27 were designed with higher content of Charcoal 1, aiming at increasing the
contribution of biocarbon in briquettes and optimizing the mechanical strength and reactivity by using
different types of binders and other additives, as given in Table 4. R16–R21 were designed to investigate
the effect of molasses content with/without cement and at different mixing ratios of hydrated lime.
R16 and R17 were developed with same composition but different types of cement; Portland cement
and calcium aluminate (CA) cement, respectively. The effect of silica suspension on charcoal reactivity
was assessed in R22–R24. Recipes R25–R27 were designed to evaluate the effect of compaction pressure
on briquette quality and the results were compared to R18, which was produced at 160 MPa.

After designing the recipes, the materials were thoroughly mixed to produce homogeneous
mixtures and ensure that the binders are well-distributed in the mixtures. A laboratory hydraulic
press with compaction pressures up to ~160 MPa and a stainless-steel mould (Ø = 40 mm) were used
for briquetting.

Further recipes were designed for upscaling of the briquettes using a bigger-sized mould
(Ø = 70 mm) and compaction pressure up to ~160 MPa, as given in Table 5. Several briquettes were
produced for each recipe under the same compaction condition. Reproducibility of the results was
checked for all measurements. The moisture contents of the mixtures and briquettes were measured
using moisture analyzer HB43-S Halogen by Mettler Toledo.

The large-scale samples were tested in high-temperature experiments. Recipe M1 containing coke
breeze and cement was used as reference for comparison. In recipes M2–M5, two types of hydrated
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lime were compared. The first type of hydrated lime was prepared in the laboratory by mixing burnt
lime powder with water. After ensuring complete hydration, the hydrated lime with high water
content (about 60%) was used in briquettes M2 and M3. The hydrated lime was first added to the
molasses and the mixture was added to the dry charcoal and cement mixture. This method was also
used in the development of smaller briquettes. The second type of hydrated lime (CL), used in M4 and
M5, was a commercial hydrated lime in the form of fine powder with low moisture content (~10%).
The commercial hydrated lime consisted of 91% calcium hydroxide (Ca(OH)2) and 99% of particles
were smaller than 0.074 mm. This material was selected considering its availability as a commercial
product, suitability for large-scale production and improved preparation and mixing procedures.
In each recipe, the commercial hydrated lime was mixed with the charcoal and cement before the
addition of molasses. In recipes M6 to M14, commercial hydrated lime (CL) was used due to improved
properties of briquettes.

Table 2. Design of reference and Charcoal 1–coke breeze recipes.

Recipe
No.

Coke Breeze,
wt.% (db *)

Charcoal 1,
wt.% (db)

Cement,
wt.% (db)

Organic Binder Type
and Percent, wt.% (db)

Other Additives,
wt.% (db)

Pressure,
MPa

R0 (Ref.) 90 0 10 - - 160
R1 45 25 10 15 Molasses 5 CaO 160
R2 50 25 10 15 Wood tar - 160
R3 50 25 10 15 Bitumen - 160
R4 45 25 10 20 Molasses - 160
R5 55 25 10 9.5 Lignin 0.5 Collagen 160
R6 50 25 10 15 Nanocellulose - 160

* db: dry basis.

Table 3. Design of Charcoal 2–coke breeze recipes.

Recipe
No.

Coke Breeze, wt.%,
dry basis (db)

Charcoal 2,
wt.% (db)

Cement,
wt.% (db)

Organic Binder Type
and Percent, wt.% (db)

Other Additives,
wt.% (db)

Pressure,
MPa

R7 25 50 5 20 Molasses - 160
R8 0 80 0 20 Molasses - 160
R9 0 80 0 20 Bitumen - 160

R10 45 25 10 20 Molasses - 80
R11 50 34 10 5 Keracoal 1 Activator 16
R12 45 25 10 16 Keracoal 4 Activator 160
R13 45 25 10 16 Keracoal 4 Activator 80
R14 45 25 10 20 Molasses - 160
R15 0 70 10 20 Molasses - 160

Table 4. Design of Charcoal 1 recipes.

Recipe
No.

Charcoal 1,
wt.% (db)

Cement, wt.%
(db)

Organic Binder Type
and Percent, wt.% (db)

Other Additives, wt.%
(db)

Pressure,
MPa

R16 80 8 8 Molasses 4 Hydrated lime 160

R17 80 8 (CA) 8 Molasses 4 Hydrated lime 160

R18 74 8 12 Molasses 6 Hydrated lime 160

R19 62 8 20 Molasses 10 Hydrated lime 160

R20 69.5 8 22.5 Molasses - 160

R21 82 0 12 Molasses 6 Hydrated lime 160

R22 77 0 12 Molasses 6 Hydrated lime
5 Silica suspension 160

R23 72 0 12 Molasses 6 Hydrated lime
10 Silica suspension 160
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Table 4. Cont.

R24 72 5 12 Molasses 6 Hydrated lime
5 Silica suspension 160

R25 74 8 12 Molasses 6 Hydrated lime 120

R26 74 8 12 Molasses 6 Hydrated lime 80

R27 74 8 12 Molasses 6 Hydrated lime 40

Table 5. Designed large-scale recipes.

Mixture
Recipe

Coke
Breeze

Charcoal
1

Charcoal
2 Molasses Hydrated

Lime
Portland
Cement

SiO2
Suspension

Charcoal
Size, mm

wt.%

M1 90 0 0 0 0 10 0 -
M2 0 69.5 0 15 7.5 8 0 0–4
M3 0 62 0 20 10 8 0 0–4
M4 0 69.5 0 15 7.5 (CL) 8 0 0–4
M5 0 62 0 20 10 (CL) 8 0 0–4
M6 0 65 0 18 9 (CL) 8 0 0–4
M7 0 70 0 20 10 (CL) 0 0 0–4
M8 0 62 0 20 10 (CL) 4 4 0–4
M9 0 62 0 20 10 (CL) 0 8 0–4
M10 0 62 0 20 10 (CL) 8 0 0–0.5
M11 0 62 0 20 10 (CL) 8 0 0–2
M12 0 0 62 20 10 (CL) 8 0 0–2
M13 10 52 0 20 10 (CL) 8 0 0–2
M14 20 42 0 20 10 (CL) 8 0 0–2

2.4. Determination of Physical Properties and Reactivity

The cross-section cold compressive strength (CCS) and splitting tensile strength (STS) of biocarbon
briquettes were measured by compression equipment. The compression device automatically records
the peak point of strength after which the failure occurs in the briquette. The reactivity of selected
biocarbon briquettes was measured using a Netzsch thermo-gravimetric analysis (TGA) technique
STA 409, with sensitivity ±1 µg coupled with quadrupole mass spectroscopy (QMS). For all reactivity
tests, regular cubic shapes (edge length ~15 mm) were prepared from the briquettes. The sample
was placed on a shallow crucible and positioned in the centre of the reaction chamber of the furnace.
The heating rate was 15 K/min from room temperature to 1100 ◦C under a continuous flow of CO2

(200 mL/min) throughout the reaction and then fixed at this temperature for 60 min followed by fast
cooling (20 K/min). The weight loss due to sample gasification and composition of the generated gases
were recorded during the trials.

2.5. Evaluation of Behaviour of Briquettes at High Temperature

A test apparatus was designed to evaluate the behaviour of developed briquettes under
well-controlled temperatures, mechanical load and gas atmospheres. The schematic illustration of
the experimental setup is shown in Figure 2. The system includes a gas mixing station, an electrical gas
heater, a pot furnace with load application system and an off-gas burner. The sample temperature was
measured using thermocouples placed close to the briquettes. The gas composition for the experiments
was selected considering the temperature reached in the sample and the correlated gas compositions in
the cupola from a preceding study [14].

In each experiment, one of the upscaled briquettes (Ø = 70 mm) was tested. The following
procedure was applied in the tests. The briquette was placed on the sample holder in the pot furnace
and the system was sealed. In order to remove the remaining oxygen and protect the sample from
oxidation, the system was flushed with high-purity nitrogen gas (99.5% purity) at room temperature.
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Meanwhile, N2 was heated in an electrical heater and was bypassed. When the N2 gas reached the
target temperature and the temperature become stable, the furnace atmosphere was switched to the
hot N2 stream and the sample was heated up while the load was applied. The load was fixed in all
tests and was equal to ~0.8 kg/cm2. In a few experiments, hot N2 was used and the rest of the tests
were conducted using a reducing gas mixture consisting of 34 vol% CO, 7 vol% CO2 and 59 vol% N2.
The sample was kept in this gas atmosphere under load for 60 min. Afterward, the load was removed
and the furnace was flushed with N2. The sample was cooled down using nitrogen gas and was taken
out when it reached room temperature. The results were evaluated with regards to weight change and
structural changes in the samples after the tests.
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3. Results and Discussion

The physical, chemical and mechanical characteristics of biocarbon briquettes produced with
different types and content of charcoals, binders and at different compaction pressures were evaluated
in terms of density, cold mechanical strength, hot strength, reactivity and energy density, as described
in the following subsections.

3.1. Densification of Biocarbon

Figure 3 shows the average density of biocarbon briquettes in comparison with commercial coke
breeze briquettes (CBB) and the reference sample prepared with coke breeze and 10% cement (R0).
Among all types of biocarbon-containing briquettes, only R10 was able to reach an equal density to that
of CBB; however, it is still less than the reference briquettes (R0). The rest of the biocarbon briquettes
showed densities lower than the target (CBB). In general, the density of the briquettes was decreased
by increasing the content of charcoal. Recipes R7–R10 showed higher density compared to R15–R27
due to the higher ash content in Charcoal 2. Comparison of R4 and R10, with the same composition
but different charcoal, indicated that the density increased with ash content. In general, the density of
the briquettes was decreased by increasing the content of charcoal.
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3.2. Cold Mechanical Strength of Biocarbon Briquettes

The cold compression strength (CCS) was measured for all recipes, as shown in Figure 4. Most of
the biocarbon recipes exhibited higher mechanical strength compared to CBB. R1 was spontaneously
disintegrated, while the highest values of CCS were demonstrated by R8 and R10, which was higher
than that of R0. This indicated that molasses with lime can provide an adequate mechanical strength
for biocarbon briquettes. R11 and R13–R15 showed similar values of CCS to that of R0, which indicated
that 25% of charcoal can be added to coke breeze without deteriorating the mechanical strength of
the briquettes.

The splitting tensile strength (STS) was measured for all the recipes, as shown in Figure 5. The STS
for CBB was not measured as it has a different geometry (hexagonal prism), while the reference
and biocarbon briquettes have a cylindrical shape, which allowed for the load to be applied on
the peripheral surface of the briquettes. The highest STS were demonstrated by R15, R13 and R10.
This indicated that both molasses and Keracoal were superior in terms of the enhancement of the STS
of biocarbon briquettes. The comparison between the mechanical strength of R4 (CCS = 66.25 kg/cm2

and STS = 5.18 kg/cm2) and R14 (CCS = 88.37 kg/cm2 and STS = 6.38 kg/cm2) indicated that the
briquettes produced from Charcoal 2 exhibited higher mechanical strength compared to that of
Charcoal 1. This can be attributed to the higher ash content in Charcoal 2 compared to that of Charcoal 1.
The comparison between R8 and R15 indicated that addition of cement deteriorated the CCS but
improved STS. No significant difference was found by changing the type of cement from normal
Portland cement in R16 to calcium aluminate cement (CA) in R17.

In general, most of the briquettes that exhibited high CCS, demonstrated relatively higher STS.
The significant difference between the CCS and the STS for all recipes can be attributed to the effect of
the applied pressure on the area under load. In case of CCS, the load is distributed on the whole surface
area of the briquettes, while in the case of splitting tensile strength, the pressure is applied on a narrow
plane in the briquettes. This effect must be considered if the briquette geometry (shape, size and
dimension) is changed and the measured strength can be used qualitatively rather than quantitatively
to evaluate the large-scale biocarbon briquettes. Similar differences in strength of cylindrical briquettes
were observed in the work by Rahman et al. [11].
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3.3. Reactivity of Biocarbon Briquettes

The reactivity was measured for biocarbon briquettes from selected recipes (R10, R18 and R24)
and the results are compared to fossil carbon briquettes (R0, CBB and FC), as shown in Figure 6.
FC exhibited the lowest weight loss (~10%) and consequently, the lowest reactivity after gasification
with CO2 at 1100 ◦C for 1 h, while R18 demonstrated the highest weight loss (~54%) among the tested
briquettes, which can be attributed to the higher content of biocarbon (74% charcoal). The gasification
trend of CBB, FC and R0 were similar and the weight loss was in the order of CBB > R0 > FC. The lowest
weight loss (~31%) of biocarbon briquettes was revealed by R10, which can be attributed to the lower
content of biocarbon (25% Charcoal 2). It can be concluded that the biocarbon content in the briquettes
is the predominant factor affecting the reactivity of the briquettes. All biocarbon samples showed a
weight loss of ~8–12% at 250 ◦C and ~15–30% at ~800 ◦C, which can be attributed to the decomposition
of molasses, dehydration of lime and cement and the devolatilization of charcoal. At temperatures
between 800 and 1100 ◦C, the gasification took place in all types of briquettes with different rates
according to the reactivity of embedded carbon. The effect of volatiles and dehydration can be neglected
at 1100 ◦C and the change in weight can be only attributed to the gasification of fixed carbon with
surrounding CO2 gas.

To ensure that the gasification rate is not related to the differences in starting carbon content in
the sample, normalization was conducted to neutralize the effect of carbon content. Equations (1)
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and (2) are used to calculate the apparent gasification rate (RApparent) and the normalized gasification
rate (RNormalized), respectively. Figure 7 shows the normalized gasification rate in fossil and biocarbon
briquettes. In general, the reactivity trend can be classified into three sets; low-reactive briquettes (FC, R0,
CBB), middle-reactive briquettes (R10) and high-reactive briquettes (R18 and R24). The relatively lower
apparent gasification rate of R24 compared to R18 can be attributed to the effect of silica suspension,
which reduces the reactivity of carbon, as was reported elsewhere [15].

RApparent =
∆Wt

W0 × ∆t
(1)

RNormalized =
RApparent

XFixed C
(2)

where RApparent: apparent gasification rate (%/min); ∆Wt: weight change of sample at time t (mg);
W0: initial weight of sample (mg); RNormalized: normalized gasification rate (1/min); XFixed C: total content
of fixed carbon in the recipe (%).

3.4. Heating Value and Energy Density of Biocarbon Briquettes

Figure 8 shows the composition of developed briquettes for all recipes classified as fossil fixed
carbon, fixed biocarbon, volatile matter (VM) and ash content. The bitumen’s carbon in R3 is
accounted as fossil carbon, while Keracoal binder is assumed to have a similar composition to molasses.
Cement and lime are included in the ash content. The total fixed biocarbon can reach up to ~67% in
briquettes prepared from 94% biomaterials (R21). The recipes (R7–R15) prepared from Charcoal 2 has
lower carbon content and higher ash content compared to that prepared from Charcoal 1 (R1–R6 and
R16–R27) due to the effect of charcoal grade.

The higher heating value (HHV) has been calculated for all types of briquettes by applying
Equation (3). Biocarbon briquettes prepared from Charcoal 1 showed higher HHV compared to
biocarbon briquettes made from Charcoal 2 or CBB or as shown in Figure 9. The relatively high calorific
value of these briquettes can be attributed to the higher carbon content and lower ash content for
Charcoal 1 and used binders. Figure 10 shows the calculated values of energy density for different
recipes. The energy density for the briquettes containing coke breeze or Charcoal 2 was relatively
higher than that prepared from Charcoal 1. This indicated that the higher compaction density of
biocarbon briquettes prepared form Charcoal 2 was able to compensate its lower heating value.

HHV (MJ/kg briq.) = (34.834 ∗ Fixed C + 115.12 ∗H + 10.467 ∗ S + 6.28 ∗N − 10.802 ∗O)/100 (3)

where C: fixed carbon; H: hydrogen content; S: sulphur content; N: nitrogen content; O: oxygen content.
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The experimental conditions are summarized in Table 6. Five trials were conducted for biocarbon
briquettes and compared to CBB and industrial foundry coke (FC). Figure 11 shows the procedure for
changing the gas flow rates and variation of temperature in the experiments. In the first three
experiments, the biocarbon briquettes were tested in a pure N2 atmosphere and the samples
disintegrated; therefore, the weight change is not presented in Table 6. Examples of a foundry
coke reference sample and a biocarbon briquette before and after the experiment are shown in Figure 12.
Development of cracks in the biocarbon briquette and oxidation on the surface of the sample is clearly
seen in the picture, while the changes in the foundry coke were minor. Slight weight changes were
observed in the reference samples, while in all biocarbon briquettes, the average weight loss was
around 35% due to the higher content of moisture, volatiles and binders.

Table 6. Test conditions for high temperature performance of briquettes.

Test No. Sample Gas Composition (vol%) Total Load
(t/m2)

Total Weight
Loss (%)CO CO2 N2

1, 2, 3 M5 - - 100 0 -
4 M5 - - 100 8 35.3

5, 6 M5 34 7 59 8 36
7 CBB 34 7 59 8 5.3

8, 9 Foundry coke (FC) 34 7 59 8 0.6
10 M11 34 7 59 8 36.5
11 M13 34 7 59 8 34.7
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During the high-temperature tests, opening of cracks and disintegration of biocarbon briquettes
took place even in nitrogen atmosphere and without application of load. The cracks followed a similar
pattern to the initial fine cracks seen in the briquettes after drying. In general, three types of cracks were
identified: (i) surface cracks caused by friction between the material and the die wall during compaction
and during ejection of briquettes from the die, (ii) vertical cracks developed during drying of briquettes
and moisture evaporation, and (iii) cracks developed from the pressure gradient during compaction,
resulting in the formation and separation of a cone cap. It is expected that changes in mechanical
stresses during the compaction cycle such as compression, decompression and ejection of briquettes
from the mould play an important role in the formation of the cone shape cap in briquettes. Similar
behaviour has been observed in the work reported by Wu et al., on the compaction of pharmaceutical
powders [16]. Using modelling and calculation of the mechanical stresses in the compacts, they showed
a clear correlation between the separation of cone and stress gradients during removal of sample from
the die in the cylindrical compacts [16].

Efforts were made to decrease the formation of cracks by improving die surface quality, testing
finer charcoal particles, and curing the briquettes in closed containers with high moisture content
to slow down the drying process. Major improvement was obtained by slowing down the drying
process. Although the briquette qualities were improved, it was clear that the cracks are caused by
a combination of different parameters. Therefore, further investigation of the bonding mechanisms,
compaction method and microstructure of the compacted material is necessary. The occurrence of a
density gradient in the briquettes is inevitable in one punch die pressing method; therefore, using this
compaction technique for producing materials with suitable dimensions for cupola demands are still
needed for further improvements in material selection and compaction conditions. To guarantee
efficient operation and permeability in the cupola furnace, the minimum size for foundry coke has
to be 90 × 90 mm. In 2017, the annual capacity of the world’s casting production was reached;
about 110 million tons (Mt) of cast iron [17] with average foundry coke consumption of about 110 kg/t
of cast iron [18]. The partial replacement of foundry coke with developed biocarbon briquettes can be
a good start to mitigate the fossil CO2 emission in a cupola furnace. Replacing 25% of fossil foundry
coke with biochar can contribute in cutting of more than 1.1 Mt of fossil CO2 emissions annually from
the cupola furnaces worldwide. Beside developing biocarbon briquettes to meet the requirements of
a cupola furnace, our future work will focus on conducting a system analysis of a bio-based cupola
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furnace to evaluate the potential of pre-treated biomass in replacing the foundry coke and reducing the
fossil CO2 emission.

4. Concluding Remarks

Replacement of foundry coke with renewable and neutral carbon biomass products is one
critical to secure the sustainability of this process; however, the relatively low mechanical strength,
low energy density and high reactivity of biomass represent the main challenges for its efficient
implementation. The present study focused on developing biocarbon briquettes with adequate energy
density, mechanical strength, and reactivity for a cupola furnace. The trials were performed on
a lab-scale briquetting press to investigate and optimize the recipe’s composition, biochar particle
size, binder type and ratio, compaction pressure and drying conditions. The main finding can be
summarized in the following points:

Compaction can significantly enhance the density and energy density of biocarbon-containing
briquettes. The compaction pressure and the amount of bio-carbon in the recipe significantly affect
the strength of the briquettes. The mechanical strength of the briquettes increased with increasing
compaction pressure, while it decreased with increasing the biocarbon content in the briquettes.

1. In this study, combination of 20% molasses with 10% lime and 8% cement is the most suitable
binder compared to other types of binders tested for enhancing the mechanical strength of
biocarbon briquettes. Cement is required to improve the tensile strength and hot strength of
biocarbon briquettes. The results illustrated that the optimum amount of binders varies with the
compaction method and size of produced briquettes.

2. The normalized gasification rate of the fossil and biocarbon samples increased by increasing the
total biocarbon content in the recipes due to higher reactivity and the more porous nature of
biocarbon compared to fossil carbon. Addition of a silica suspension to the mixtures can be a
potential method to reduce the surface area for reaction and, therefore, lower the reactivity of
biocarbon-containing briquettes.

3. Upscaling of biocarbon briquettes and testing of hot strength under a mechanical load resulted
in generation of cracks and disintegration of briquettes, which can be mainly attributed to the
presence of mechanical stresses during the compaction cycle from compression, decompression,
ejection of briquettes to curing and drying of briquettes.

Further investigation of different compaction technologies, in-depth understanding of the bonding
mechanisms, development of high-temperature strength and control of biocarbon reactivity in the
briquettes are necessary for developing biocarbon briquettes to meet the requirements of a cupola
furnace and replace foundry coke.
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