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Abstract: Hydrothermal treatment can convert paper mill biological (bio-) sludge waste into more
energy-dense hydrochar, which can achieve energy savings and fossil CO2 emissions reduction when
used for metallurgical applications. This study assesses the basic, combustion and safety performance
of bio-sludge hydrochar (BSHC) to evaluate its feasibility of use in blast furnace injection processes.
When compared to bituminous and anthracite coals, BSHC has high volatile matter and ash content,
and low fixed carbon content, calorific value and ignition point. The Ti and Tf values of BSHC are
lower and the combustion time longer compared to coal. The R0.5 value of BSHC is 5.27 × 10−4 s−1,
indicating a better combustion performance than coal. A mixture of BSHC and anthracite reduces the
ignition point and improves the ignition and combustion performance of anthracite: an equal mixture
of BSHC and anthracite has a R0.5 of 3.35 × 10−4 s−1. The explosiveness of BSHC and bituminous
coal is 800 mm, while the explosiveness of anthracite is 0 mm. A mixture of 30% BSHC in anthracite
results in a maximum explosiveness value of 10 mm, contributing to safer use of BSHC. Mixing
BSHC and anthracite is promising for improving combustion performance in a blast furnace while
maintaining safe conditions.

Keywords: bio-sludge; TORWASH; hydrochar; combustion performance; safety performance; blast
furnace ironmaking

1. Introduction

The steel industry is one of the most important industrial sectors in the world, as well
as one of the largest energy- and coal-consuming industries [1–3]. It has a significant impact
on the global economy, but also has a significant impact on global energy consumption
and CO2 emissions. With the 2030 and 2050 targets proposed by the European Union,
reducing CO2 emissions and fossil fuel consumption is a priority for industry [4,5]. For the
metallurgical industry, reducing the use of fossil fuels will also greatly improve the industry
competitiveness of iron and steel enterprises [6,7]. Biomass is a carbon-neutral, renewable,
green energy source with large production in Europe as well as globally [8,9]. Therefore,
for the metallurgical industry, using biomass resources as an alternative energy source
can greatly reduce the CO2 emissions in the metallurgical process [10–12]. Specifically,
Babich et al. [13] reported that the maximum utilization potential of biomass resources in
the metallurgical industry is mainly manifested in the blast furnace injection process.

Biological (bio)-sludge from paper mills is a biomass residue with huge annual output
that is produced throughout the year and contains a large amount of organic matter [14].
The discharge of this sludge to the environment can result in environmental pollution [15].
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Therefore, using bio-sludge as an energy source in blast furnace injection processes allows
the sludge residue to be utilized as a resource while benefiting the sustainable development
of the metallurgical industry. However, as pointed out by Gerner et al. [16,17], bio-sludge
has low volume and energy density, low calorific value, and high alkali metal content,
which greatly limits the direct use of the sludge. Therefore, the sludge must be treated to
improve its energy density for subsequent use in a blast furnace injection. Wang et al. [18]
introduced the hydrothermal carbonization of sewage sludge into high value-added prod-
ucts or biofuels. The hydrothermal carbonization technology not only solves the problems
associated with sewage sludge treatment from the perspective of resource recycling, but
also contributes to greenhouse gas sequestration to mitigate climate change, as well as
some additional socioeconomic benefits. Liu et al. [19] investigated the combustion charac-
teristics of sewage sludge and found that the combustion kinetics of sewage sludge-derived
hydrochar indicated a high quality of these solid fuels. He et al. [20] investigated the
combustion characteristics of hydrochar produced from sewage sludge and found that
hydrochar has low activation energy. At the same time, the hydrochar has higher carbon
and lower volatile content, and has higher combustion quality than sewage sludge. Further-
more, Cebi et al. [21] reported that hydrochar derived from sewage sludge has lignite-like
fuel properties. Experiments combining sewage sludge hydrochar with coal samples of
different properties showed more stable combustion conditions, improved fuel quality,
and reduced emissions. On the other hand, hydrothermal carbonization suffers from low
overall conversion efficiency in relation to liquid effluent re-use and conversion [22]. In
contrast, TORWASH hydrothermal treatment is performed under milder conditions than
hydrothermal carbonization, enabling higher overall conversion efficiencies [23]. Although
there has been extensive research on bio-sludge hydrochar, the application in the field of
ironmaking is not well understood.

Therefore, the purpose of this study was to investigate the metallurgical properties
of bio-sludge hydrochar produced under relatively mild hydrothermal conditions and to
assess the feasibility of bio-sludge hydrochar as an injectant in blast furnace processes.
Firstly, two commonly used blast furnace injectants (bituminous coal and anthracite coal)
were selected as control samples for the performance test of bio-sludge hydrochar. Then, the
differences between bio- sludge hydrochar and the other two fuels were evaluated based on
three aspects: basic performance, combustion performance and safety performance. Further,
the effect of the addition ratio of bio-sludge hydrochar on the properties of anthracite
mixtures was explored. Finally, the feasibility of bio-sludge hydrochar application in a blast
furnace smelting process was assessed to provide useful information for expanding the
application of sludge resources.

2. Materials and Methods
2.1. Experimental Raw Materials

In this study, bio-sludge (BS) was used as the feedstock for the TORWASH hydrother-
mal treatment process. The bio-sludge is the residue stream produced by the aerobic
wastewater treatment plant on location of the Smurfit Kappa paper mill in Piteå, Sweden.
The bio-sludge used for the experiments described here contained 1.5–1.8 wt.% dry matter.
Selected analysis results of the bio-sludge are given in Table 1.

Table 1. Selected analysis results of the raw bio-sludge residue stream.

Sample Proximate Analysis (%) Ultimate Analysis (%) HHV
(MJ/kg)FCd

a Vd Ad C H O N S

BS 11.0 70.0 19.0 41.3 5.8 32.7 6.3 2.2 18.1

Note: a, calculated by difference. FC, fixed carbon; A, ash; V, volatile matter. d, dry basis.

The bio-sludge was used as a feedstock for long duration tests at pilot scale on location
of the paper mill of Smurfit Kappa. These tests were performed during the months August-
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September in 2021 at an average of 26.6 kg/h inlet flow for 410 h of operation. In total,
10,893 kg of TORWASH effluent was produced after treatment at 200 ◦C at an average
residence time of 30 min. The TORWASH product was pumped through a pilot scale
membrane filter press also installed on location of the paper mill. By applying a final
membrane squeeze at a maximum pressure of 15 bar, the solids could be dewatered to
press cakes containing 40–50% dry matter. These were subsequently dried in an oven
and transported to Swerim to perform the analyses and experiments for the metallurgical
application as described in this paper. This solid fraction resulting from TORWASH
hydrothermal treatment and subsequent dewatering is called bio-sludge hydrochar (BSHC).

In addition to the BSHC, two pulverized coals typically used in steel enterprises were
selected as control samples, namely bituminous coal (BC) and anthracite coal (AC). A series
of pretreatments were performed on the BSHC and two types of coal, including crushing
and screening to achieve prepared samples with a particle size up to 0.074 mm. These
materials were dried at 105 ◦C for 8 h and used as raw materials for subsequent experiments.

2.2. Experimental Method

Proximate analysis and ultimate analysis were performed on the BSHC, BC and
AC. The proximate analysis of the samples was measured at 815 ◦C and 915 ◦C using a
muffle furnace. The ultimate analysis was determined using an elemental analyzer (Flash
2000, Thermo Electron Corporation, Waltham, MA, USA). The K and Na contents were
determined by chemical analysis, and the P content was determined by X-ray fluorescence
spectroscopic analysis.

The calorific value of the three samples was measured using a bomb calorimeter. The
ignition point and explosiveness of the fuels were the two main evaluation parameters
for the safety performance. The ignition point and explosiveness were measured with the
commonly used blast furnace coal safety performance measurement device in China. The
explosiveness of the samples was measured by a fuel safety performance measurement
device, a schematic diagram of which was included in our previous research [24]. Inject 1 g
of fuel into a pipe with a heat source of 1050 ◦C and observe the return flame length of the
fuel to determine the explosive characteristics of the sample.

The combustion performance of the samples was carried out by a thermogravimetric
analyzer (HCT-4, Henven, Beijing, China) to assess the combustibility of the fuels. The
combustion performance of the fuels was measured by a thermogravimetric analyzer in an
air atmosphere. Before the thermogravimetric experiment, 5 mg (±0.1 mg) of sample was
weighed and placed in a crucible which was then placed in the thermogravimetric analyzer.
The heating rate of the thermogravimetric experiment was controlled at 20 ◦C/min, and
the temperature was raised from room temperature to 800 ◦C.

3. Results
3.1. Basic Performance of Fuel

To clarify the differences between the basic properties of BSHC and BC and AC as
blast furnace injection fuel, the basic performance of the three fuels was tested, including
proximate analysis, ultimate analysis and calorific value analysis. The experimental results
are shown in Table 2.

Table 2. Basic performance analysis results of BSHC, BC and AC.

Sample Proximate Analysis (%) Ultimate Analysis (%) HHV
(MJ/kg)FCd

a Vd Ad C H O a N S

BSHC 15.87 61.09 23.04 46.50 6.04 19.45 4.22 0.74 23.45
BC 59.10 34.95 5.95 65.02 3.82 23.77 0.99 0.45 27.46
AC 82.49 8.85 8.66 85.26 3.40 0.40 1.08 1.09 30.65

Note: a, calculated by difference. FC, fixed carbon; A, ash; V, volatile matter. d, dry basis.
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It can be seen from Table 2 that the volatile content, H content and O content of the
BSHC is higher than for coal. Anthracite coal has the lowest volatile matter content (8.85%)
of the three fuels tested. In general, fuels with higher volatile content (H and O elements)
have better combustion performance [25]. Therefore, the use of BSHC may improve the
combustion efficiency of fuel in the blast furnace, but the higher volatile content may also
result in safety issues. BSHC has a high ash content, and its use in blast furnaces will
produce more by-products, such as slag. The content of fixed carbon and C of BSHC is
lower than for coal, resulting in a lower calorific value. BC has some similar characteristics
as BSHC, for instance higher O element content when compared to AC. However, the fixed
carbon content of AC is much higher than that of BC and BSHC, and the ash content is
lower, which also explains the higher calorific value of AC. Therefore, BSHC and AC each
have advantages and disadvantages. To balance the advantages and disadvantages of the
two, a mixture of BSHC and anthracite is proposed.

3.2. Hazardous Element Analysis of Fuel

The alkali metal content in the fuel has a very important influence on blast furnace
smelting [26]. After the fuel is burned in the tuyere zone of the blast furnace, the alkali
metals in the fuel will volatilize and move to the upper part of the blast furnace, and will
be adsorbed on the surface of the coke. Since alkali metals have a catalytic effect on the
gasification reaction of coke, the presence of alkali metals will accelerate the gasification
reaction of coke and reduce the strength of the coke, thus affecting the production of molten
iron in a blast furnace. Phosphorus is also an important element that is detrimental in
steelmaking [27]. However, in the blast furnace ironmaking process, since desulfurization
cannot be performed, all phosphorus elements will directly enter the molten iron, which
will seriously affect the quality of the molten iron [27]. Therefore, the alkali metal content
and phosphorus content in the injection fuel need to be controlled at a low level. The test
results of the K, Na, and P element contents of the three fuels are shown in Table 3.

Table 3. Quantities (%) of critical contaminants in bio-sludge hydrochar (BSHC), bituminous coal
(BC) and anthracite coal (AC).

Sample K Na P

BSHC 0.077 0.110 2.489
BC ≤0.010 0.060 0.079
AC 0.155 0.790 0.006

The K and Na contents in BSHC are 0.077% and 0.110%, respectively, which are higher
than those of BC, but lower than those of AC. Therefore, compared with AC, the use of
BSHC in a blast furnace may be advantageous. However, the P content of the BSHC is 32
times that of BC and 415 times that of AC. Therefore, from the perspective of P content, the
use of BSHC will have a serious negative impact [28]. The higher P content in the BSHC
is an important factor limiting the use of the BSHC, indicating that the BSHC should be
mixed with other fuels.

3.3. Combustion Performance of Fuel

The combustion performance of the sample is also an important performance indicator.
Figure 1 shows that the combustion properties of the three fuels are significantly different,
but the shapes of the combustion curves are very similar. The combustion conversion curve
of BSHC is located in the low temperature region, the combustion conversion curve of BC
is in the middle region, and the conversion curve of AC is in the high temperature region.
Through the shape of the combustion conversion curve, the combustion process of the fuel
can be divided into three main stages: (1) the initial heating stage, in which mainly the
volatilization of water occurs and the ignition of the sample. In this stage, the weight loss
of the sample is not obvious; (2) the combustion reaction stage, which mainly includes the
decomposition of volatile matter in the sample and the combustion of char. The weight
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loss of the sample mainly occurs at this stage; and (3) the combustion completion stage, in
which the volatile matter and char are basically completely burned, and the remaining ash
undergoes a combustion reaction, and the weight loss of the sample is also not obvious.
The combustion conversion process of BSHC is significantly earlier than that of BC and AC,
indicating that the combustion performance of BSHC is better.

Figure 1. Combustion conversion curves of Bio-sludge hydrochar (BSHC), bituminous coal (BC) and
anthracite coal (AC).

The initial combustion temperature (Ti), the final combustion temperature (Tf), and the
combustion reaction characteristic parameter (R0.5) were used to quantitatively characterize
the combustion performance of the three samples [29]. The R0.5 of the combustion reaction
was calculated according to formula (1) [30]. The results of the combustion reaction
characteristic parameters of different samples are listed in Table 4. The initial combustion
temperatures of the BSHC, BC and AC were 221 ◦C, 351 ◦C, and 465 ◦C, respectively, and the
final combustion temperatures were 462 ◦C, 556 ◦C, and 650 ◦C, respectively. Among them,
the initial combustion temperature of AC is close to the final combustion temperature of the
BSHC, indicating that the AC has a higher conversion temperature during the combustion
process. Also, the combustion process of AC is shorter than that of BSHC and BC, and
the temperature difference is only 185 ◦C. Smaller temperature differences indicate shorter
conversion times, possibly due to the higher initial temperature of the anthracite. At the
same time, it can also be seen that the R0.5 value of BSHC is the largest, and the R0.5 value
of AC is the smallest. These results show that the BSHC has better combustibility, while
AC has the worst combustibility, and the combustibility of BC is in between. Therefore,
the addition of BSHC may have a promoting effect on the combustion performance of AC,
which is beneficial to the combustion and application of the sample.

R0.5 =
0.5
t0.5

(1)

where, t0.5 is the time required for the conversion of 50% of the sample, s.
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Table 4. Combustion reaction characteristic parameters of the three fuels.

Sample Ti (◦C) Tf (◦C) Tf − Ti (◦C) R0.5 × 10−4 (s−1)

BSHC 221 462 241 5.27
BC 351 556 205 3.55
AC 465 650 185 2.88

3.4. Safety Performance of Fuel

The ignition point and explosion performance of fuel are important indicators to
evaluate its safety performance [24,31]. In order to ensure the safety performance of blast
furnace injection fuel in the pulverization and injection process, it is necessary to clarify the
ignition point and explosion performance of the fuel. The experimental results of ignition
point and explosion performance are shown in Figure 2.

Figure 2. Ignition point and explosion performance of fuel.

The ignition point of the BSHC is 293.7 ◦C, which is lower than that of BC, which is
322.0 ◦C. The ignition point of AC is 430.0 ◦C, which is much higher than that of BC and
BSHC. Generally speaking, the volatile content is the main factor affecting the ignition point
of the fuel [32]. Due to the high volatile content of the BSHC, the ignition point of the BSHC
is low. Therefore, the use of BSHC is more beneficial to ignition and combustion in the blast
furnace. However, the lower ignition point of BSHC is a safety issue during storage and
transport, a major disadvantage of BSHC. Therefore, the BSHC and AC could be mixed to
balance the ignition points of the two samples. Figure 2 also shows that the explosiveness
of BSHC and BC is strong, reaching 800 mm, which is also mainly due to the high volatile
content of BSHC and BC [31]. The volatile content of AC is low, so the explosiveness of AC
is 0. Therefore, considering the safety of BSHC application, it is necessary to reduce the
volatile content of the sample by adding AC, so as to improve the safety performance of
the sample.

3.5. Study on the Properties of Mixtures
3.5.1. Determination of Mixture Ratio

According to the analysis results of the three samples, the volatile matter is the most
important factor affecting the safety performance of the fuel. The volatile content of BC
is 34.95%, but BC still has a high explosiveness. Therefore, in order to ensure the BSHC
can be used safely, the volatile content of the mixed sample should be lower than 34.95%.
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Accordingly, the maximum value of BSHC in a mixture with anthracite was determined to
be 50%. In addition to a 50% mixture of BSHC and AC, mixtures of 40%, 30%, 20% and
10% BSHC in anthracite were also prepared and tested. The mixed samples were labeled as
xBSHC/yAC according to their content, where x and y are the percentages in the samples,
respectively. The specific mixing scheme and the proximate analysis results of the mixed
samples are shown in Table 5. As the amount of AC in the mixed samples increases, the
fixed carbon content of the mixed samples also increases, while the volatile content and ash
content decreases. The volatile content of the mixed samples ranges from 14.07–34.94%. In
addition, as the proportion of AC increases, P content decreases linearly.

Table 5. Proximate analysis results of blended fuels.

Sample FCd
a (%) Vd (%) Ad (%) P (%)

50%BSHC/50%AC 49.18 34.97 15.86 1.25
40%BSHC/60%AC 55.84 29.75 14.41 1.00
30%BSHC/70%AC 62.50 24.52 12.98 0.75
20%BSHC/80%AC 69.17 19.30 11.53 0.50
10%BSHC/90%AC 75.83 14.07 10.10 0.25

Note: a, calculated by difference. FC, fixed carbon; A, ash; V, volatile matter. d, dry basis.

3.5.2. The Combustion Performance of Mixed Samples

In order to clarify the change of the combustion performance of the samples after
mixing, the combustion conversion curves of different mixed fuels were measured by a
thermogravimetric analyzer. The experimental results are shown in Figure 3. The combus-
tion conversion curves of different mixtures show obvious differences, indicating that the
amount of BSHC added is an important factor affecting the combustion of the mixtures.
The combustion characteristics of the mixed fuel depend on the combustion characteristics
of the individual fuels, so the combustion curve of the mixtures is between the combus-
tion curves of the two individual fuels [33,34]. And with the increasing proportion of
BSHC, the combustion process of the mixed fuel gradually moves to the low temperature
region, and the combustibility is improved. Ye et al. [35] also noted that the mixing of
biomass hydrochar with anthracite can significantly improve the combustion performance
of anthracite, so that the combustion of the mixtures moves to the lower temperature region.

Figure 3. Combustion conversion curves of different mixtures.
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To quantitatively analysis the change of the combustion performance of the mixed
fuels, the combustion characteristic parameters of the mixtures were also calculated
(Table 6). As the proportion of BSHC in the mixture increases, the Ti value decreases.
This indicates that the addition of BSHC can significantly reduce the initial temperature of
anthracite, which is beneficial to the conversion of anthracite. The Tf value also showed
the same trend as Ti, but the change of Tf values was relatively small. The Tf value of the
50%BSHC/50%AC sample was 600 ◦C, which is 50 ◦C lower and 138 ◦C higher that of
100% anthracite and 100% BSHC, respectively, indicating that the addition of the BSHC has
little effect on the final combustion temperature of AC. Therefore, as the BSHC addition
increases, the combustion time gradually increases. The R0.5 value of the mixed sample
also shows a gradually increasing trend. This also shows that the addition of BSHC has
an obvious promoting effect on the combustion reaction of AC. Therefore, the addition of
BSHC will promote the combustion performance of anthracite, which is beneficial to the
combustion and application of the sample.

Table 6. Combustion characteristic parameters of mixed fuel.

Sample Ti (◦C) Tf (◦C) Tf − Ti (◦C) R0.5 × 10−4 (s−1)

BSHC 221 462 241 5.27
50%BSHC/50%AC 256 600 344 3.35
40%BSHC/60%AC 260 610 350 3.16
30%BSHC/70%AC 285 621 336 3.06
20%BSHC/80%AC 307 625 318 2.98
10%BSHC/90%AC 393 637 244 2.93

AC 465 650 185 2.88

3.5.3. The Safety Performance of Mixed Samples

In order to clarify the safety performance of the mixed fuel of BSHC and AC, the
ignition point and explosiveness tests were carried out on the mixed fuel. The test results of
the safety performance of the mixture are shown in Table 7. The ignition point temperature
decreases as the proportion of BSHC in the mixture increases, and the ignition temperature
ranges from 323.33–413.00 ◦C. When the addition of BSHC is 10%, the ignition point of the
sample is 413 ◦C, which is still higher than 400 ◦C, which is not conducive to ignition and
combustion in the blast furnace. When the fuel is injected into the blast furnace, if the fuel
has a lower ignition temperature, it is beneficial to improve the combustion efficiency of
the fuel. The ignition points of these mixtures are within the normal range and close to the
ignition points of injection fuels commonly used by steel companies. It can be seen from the
explosiveness test results that when the ratio of BSHC does not exceed 30%, all the mixing
schemes are non-explosive. Therefore, the proportion of BSHC should be appropriately
increased according to the actual situation of the mill in the steel enterprise. When the
ratio of BSHC is 30%, the volatile content of the mixture is 24.52%. This also provides a
reference for other fuels in terms of safety performance. Therefore, under the premise of
ensuring the safe production of the mill, the proportion of BSHC in the mixed fuel should
not exceed 30%.

Table 7. Safety performance of mixed fuels.

Sample
Ignition Point (◦C) Explosion Performance (mm)

1st 2nd 3rd Average
Value 1st 2nd 3rd Max Value

50%BSHC/50%AC322 326 322 323.33 800 800 800 800
40%BSHC/60%AC341 320 327 329.33 200 210 200 210
30%BSHC/70%AC341 343 339 341.00 10 0 0 10
20%BSHC/80%AC380 400 388 389.33 0 0 0 0
10%BSHC/90%AC421 405 413 413.00 0 0 0 0
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4. Discussion

It was found that bio-sludge hydrochar has significantly lower fixed carbon content
and HHV than bituminous and anthracite. Therefore, when BSHC is used as a fuel for
blast furnace ironmaking, more bio-sludge hydrochar may be required to ensure normal
blast furnace production [36]. In this study, it was reported that BSHC has a high explo-
siveness, and the direct use of sludge hydrochar would negatively impact the safety of
the ironmaking process. However, based on experience, the particle size of biomass can
be enlarged to make it more difficult to contact with air, so as to ensure safer use. In a
study by Sundqvist et al., it was also reported that due to the differences in grindability
of different biomasses, use of high quantities of biomass may lead to additional wear on
the pipes, negatively affect the performance of blast furnaces [37]. Moreover, due to the
high P content in the BSHC, it is also quite difficult to directly use the BSHC in the blast
furnace ironmaking process. Therefore, the blend experiment to balance the advantages
and disadvantages of both BSHC and AC was carried out.

Ye et al. [35] reported the feasibility of using a mixture of biomass hydrochar and
anthracite as a blast furnace fuel, and determined that the optimum ratio of biomass hy-
drochar is 60% by combustion kinetics. Better combustibility is beneficial to the combustion
reaction and heat release of fuel in the blast furnace, which is beneficial to the progress
of blast furnace smelting. In our study, experiments on co-combustion of bio-sludge hy-
drochar and anthracite were also carried out, and it was found that when the addition
of bio-sludge hydrochar increased from 10% to 50%, the combustion performance of the
mixture was enhanced. At the same time, it was also reported in our research that the
maximum addition amount of bio-sludge hydrochar should not exceed 30% based on safety
(explosiveness). Moreover, the P content in the mixture showed a linear downward trend
with the increase in the AC ratio, which was also a very favorable factor for the use of
BSHC. Therefore, it is necessary to comprehensively take into account these influencing
factors to determine the optimal addition ratio of BSHC in fuel mixtures.

In addition, Ng et al. [38] showed that the use of biomass resources could greatly
benefit the cost and CO2 emissions of the blast furnace ironmaking process. However, due
to the variety of available biomass feedstocks, the impacts must be calculated based on
specific biomass sources. Based on this study, biomass has theoretical feasibility for use in
creating hydrochars for use in blast furnace injection, in terms of technology, economics
and emissions. Generally speaking, it is theoretically feasible to use BSHC in the blast
furnace injection process, but the performance of BSHC must be improved if the usage of
BSHC is to be increased above 50% in a blend with AC.

5. Conclusions

Compared with bituminous coal and anthracite coal, bio-sludge hydrochar has higher
volatile and ash content, lower fixed carbon content and lower calorific value. The content
of K and Na elements in the BSHC is considered acceptable, but the P content of the bio-
sludge hydrochar was 415 times that of the anthracite coal, which has negative impacts on
its use in a blast furnace. The Ti and Tf values of the BSHC are lower than for coal, the R0.5
value is 5.27 × 10−4 s−1, and the combustion performance is better. However, the higher Ti
and Tf values of anthracite make the burning time of anthracite shorter. Among the three
samples, BSHC has the lowest ignition point, AC has the highest ignition point, and BC
has an ignition point in between. The explosiveness of BSHC and BC is 800 mm, while
the explosiveness of anthracite is 0 mm. Therefore, the use of BSHC and BC is dangerous
and should be mixed with AC. The combustion performance of the mixed samples was
gradually enhanced with the increase of the BSHC addition ratio. When the addition
ratio of BSHC is 50%, the R0.5 of the sample reaches 3.35 × 10−4 s−1. The addition of
BSHC to anthracite coal can significantly reduce the ignition point of AC and improve the
ignition and combustion performance of AC. When the addition ratio of BSHC is 30%, the
maximum value of the explosion performance is 10 mm, which is beneficial to the safer use
of BSHC, indicating that the addition amount of BSHC should not exceed 30%. In general,
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the mixture of BSHC and AC can neutralize the advantages and disadvantages of both.
Therefore, using a mixture of BSHC and AC in the blast furnace injection process achieves
utilization of a residue stream (bio-sludge), leading to add-on environmental and economic
benefits in the overall value chain.
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