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PREFACE 
This report covers the studies related to biochar characterization and use in blast furnace 

injection. The research was carried out by Processing Metallurgy Research Unit (University of 

Oulu) as part of the Added Value for Forest Industry for Metals Producing and Process 

Integrates (FOR&MET) project. University of Oulu and Technical Research Centre of Finland 

(VTT) were the research partners in the project. The activities of Technical Research Centre 

of Finland have been reported in a separate report (Hakala, J., Kangas, P., Penttilä, K, 

Alarotu, M, Björnström, M. and Koukkari, P. (2019) ‘Replacing Coal in Steelmaking with 

Biocarbon from Forest Industry Sidestreams’, Research Report VTT-R-00256-19. VTT 

Technical Research Centre of Finland Ltd.). 

We would like to sincerely thank Business Finland for financing the project. We would also 

like to acknowledge the project partners from industry - SSAB Raahe, Finnpulp Oy, St1 

Biofuels Oy and Valmet - for very valuable cooperation and discussion during the project. 
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INTRODUCTION 
Biomass is believed to be a renewable feedstock that can substitute coal used for the iron ore 

reduction and still provide the solid carbon that steel production processes needs[1].  

Even though it is important to analyze the effects of biomass-based reducing agents on the BF 

process behavior, it is equally important to evaluate the preceding steps, before the fuel is 

introduced to the BF. In preceding steps, coal is stored outside, milled and dried in large mills, 

usually in vertical roller mills. After that, the coal is stored in storage bins from which coal is 

pneumatically transported via piping to the tuyeres of the BF, where it is burned with oxygen 

enriched air [2,3] (Figure 1).  

 

Figure 1 Example of wood-based raw material upgrading chain into high quality pulverized fuel. 

Research articles in the field of pre-treatment and characterization of biomass for heat and 

energy generation and bio fuel production are widely available, but still there is a lack of 

comprehensive study concerning the physico-chemical properties of biomass-based fuels for 

blast furnace injection. Biomass as a fuel has a poor grindability due to bulky and fibrous nature, 

leading to significant costs for size reduction [4,5]. Torrefaction and pyrolysis processes are 

among the pretreatment methods studied to improve the biomass grindability. Phanphanich 

and Mani [6] presented a torrefaction process of pine chips and logging residues in a 

temperatures range of 225 to 300 °C to lead in a significant decrease in grinding energy from 

237.7 to 23.9 kWh/t. Results of biochar grindability experiments reported by Abdullah and Wu 

[7] showed that the fuel grindability of mallee wood increases drastically even at pyrolysis 

temperature as low as 300 °C. Further increase in pyrolysis temperature to 500 °C leads to only 

a small increase in biochar grindability. Pyrolysis, as an attempt to improve the grindability of 

biomass should be designed so that it also covers other requirements of the biochars in BF 

injection application.  

Biomass has a high moisture uptake but it will be improved by torrefaction and carbonization 

processes [8,9]. Free moisture in biochar can lead to handling problems in bins and transport 

lines[10]. Little information is available on water uptake of biochars produced in different 
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carbonization conditions and understanding of water uptake in biochars is critical for using 

biochars in industry. 

The idea of replacing PC with biochar in blast furnace injection rose a need to study biochar 

rheometric properties especially because of the fact that wood-based biochars exhibited 

exclusive physical properties based on their acicular shape and low density [11].  

Combustion of biochar injected into BF trough tuyere should also be studied. It has been 

previously shown that burning behavior of heat treated wood and biochar are adequate to BF 

tuyere injection [12–14]. Improved conversion efficiency was observed in the technological and 

ecological assessment of blast furnace process when injecting biochars rather than coal into 

BF [15]. But still combustion characteristics of biochars vary depending on the thermal 

treatment process[16].  

In this research a comprehensive study will be performed on biomass pyrolysis and produced 

biochar suitability for blast furnace injection.  
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FOR&MET OBJECTIVES 
The main aim of this study is to investigate properties of biochars produced in slow pyrolysis 

process by varying pyrolysis temperature and gain knowledge of biochar suitability in different 

metal producing industries. Blast furnace (BF) iron production is one of the most important 

processes in metal industries in which biochar can be used instead of fossil fuels and 

reductants to mitigate CO2 emission of steelmaking. Different processes requirements and 

technological considerations need to be met for a biochar to be used in blast furnace injection. 

Physical and chemical properties of biochar need to be investigated in order to ensure the 

success of whole BF process in several stages like biomass storage and transport, thermal 

treatment and carbonization, biochar grinding and pneumatic conveying to the blast furnace 

injection system and finally combustion and reactivity of biochars in the blast furnace. For a 

biochar high carbon content and heating value along with high grindability and density, good 

flow properties and suitable combustibility is required for BF injection application. 

In this report lignin and black pellet will be studies as two available biomass resources in 

Finland. Slow pyrolysis of these two biomasses at different temperatures and the effect of 

pyrolysis temperature on the properties of produced biochars will be discussed. Then the 

behavior of biochars in blast furnace injection process will be studied and compared to a normal 

pulverized coal used in blast furnace injection in SSAB Raahe steel plant.   
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MATERIALS AND METHODS 

Raw Materials 

In this study lignin and black pellet were used as biomass raw materials and a fossil coal sample 

as a reference material. 

Lignin is a by-product of wood-based bio-ethanol production plant (St1 Renewable Energy Oy., 

in Kajaani, Finland). In this process Cellunolix® production technology is used to produce bio-

ethanol from softwood sawdust which also results in producing lignin as by-product with around 

50% moisture content. The received lignin sample was in the form of a powder with lumps of 

agglomerated fines (Figure 2 (a)). Residues of the cell wall structure of the parental wood can 

also be seen in the lignin samples. 

The black pellet raw material shown in Figure 2 (b) comprises about 40 % spruce bark and 

60 % pine bark from a pulp mill located in Mid Sweden. The bark was treated with steam for 5 

min at 190 oC in Valmet’s pilot Biotrac reactor. Then it was steam exploded to atmospheric 

pressure, dried and pelletized.  

SSAB Europe Oy Raahe steel plant pulverized coal was used as a reference to compare 

biochar properties.  

  

Figure 2 Raw materials, a: By-product lignin from wood-based ethanol production, b: Black pellet  

Experimental overview 

Figure 3 presents an overview of the experimental procedure. The received raw materials went 

through slow pyrolysis process and produced chars along with raw samples were sent for 

crushing and sieving. After grinding, the moisture absorption and density measurements of 2-

4 mm size fraction were performed. After that the samples went through further grinding in 

centrifugal mill and the rest of experiments were performed on the powdered materials.  
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Figure 3 Experimental overview of biomasses characterization. 

 

To investigate the behavior of biochar for iron and steel production different characterization 

tests were planned and performed. As it is shown in the Figure 4, physical and chemical 

properties of samples were studied first. Then slow pyrolysis tests at different temperatures 

(three temperatures for lignin, and one temperature for black pellet) were performed to produce 

char samples. Different lignin chars and black pellet char went through particle size and shape 

analysis, microscopy and rheometry (flow and transport properties analysis). Furthermore, 

combustibility of biochars were investigated through thermogravimetric analysis (TGA) and 

drop tube furnace (DTF) combustion tests. The obtained results were compared to pulverized 

coal as a reference.  
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Figure 4 An overview of FOR&MET experimental studies 
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Slow pyrolysis  

Slow pyrolysis of biomass samples was performed in a laboratory-scale batch reactor (Figure 5, 

described in details elsewhere [17]). A heating rate of 5 °C min-1 was chosen for the pyrolysis 

tests under N2 flow of 200 mL min-1 up to target temperatures of 300 °C, 500 °C and 650 °C for 

lignin samples (L300, L500, L650, L=lignin) and 500 °C for black pellet sample (BP500). The 

holding time at the target temperature was eight hours. The yield of the solid products was 

determined by their dry basis.  

 

 

Figure 5 A schematic picture of the slow pyrolysis system: 1. chamber furnace (Entech ETF 75/17V); 2. pyrolysis 
reactor; 3. biomass sample; 4. N2 cylinder; 5. gas flow controller; 6. thermocouples; 7. computer; 8. bio-oil 

condensers[17]. 

 Density measurement 

The helium-gas solid density of each char was measured using a Micromeritics AccuPyc 1340 

helium pycnometer. Helium-based solid density is a technique by which helium gas is used to 

access the open porosity in the solid sample and, thereby, allows the measurement of the solid 

volume and any closed porosity. The helium-based solid density was calculated using the 

sample weight and the volume measured. Prior to analysis, the sample was dried in a ventilation 

oven at 60 °C for 24 h and cooled in a desiccator to avoid moisture effects.  

Water uptake 

The water uptake of the raw lignin, lignin chars, black pellet char and PC were measured using 

a water immersion test. Approximately 0.5 g of the dry sample (2-4 mm fraction) was immersed 

in water at room temperature for two hours. Then the sample was air dried for an hour at room 
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temperature after which the moisture content was determined [18]. The moisture uptake of the 

samples was determined by measuring the mass change of the dry samples and after staying 

at the humidity chamber (relative humidity 90% and T=30 oC) for up to 48 hours [19].  

Surface and pore analysis 

The specific surface area was quantified using both N2 (at 77 K) and CO2 (at 273 K) adsorption 

techniques in order to obtain insight into the pore structures of char samples. 

Flow behavior of the fuels 

The flow properties of the powders were measured with a Freeman Technology FT4 Powder 

Rheometer FT4 [20]. The bulk properties of the powders under investigation were the 

compressibility (CPS, %), and the permeability (cm2), dynamic tests of basic flow energy (BFE, 

mJ), aerated energy (AE, mJ) and also shear tests of cohesion (τo), the angle of internal friction 

(WFA, ◦) and flow function defined by Jenike (ffc) were considered. 

XPS 

Thermo Fisher Scientific ESCALAB 250Xi X-ray photoelectron spectrograph instrument 

(Thermo Fisher Scientific Inc, USA) with Al Ka (hv=1486.6 eV) monochromatized X-ray source, 

the power of 150W, the beam spot of 900µm, was used to study pulverized coal and char 

samples (collected after pyrolysis and cooling in N2) with C1s (284.6eV) as the scaling standard 

for adjustment. The data processing (peak fitting) was performed with XPS Peak fit software, 

using a smart type background subtraction and Gaussian/Lorentzian peak shapes. 

Combustibility 

The combustion behavior of the lignin and black pellet chars and coal was studied with a Netzsch 

STA 449 F3 Jupiter thermoanalyzer. Pulverized samples of around 5 mg were carefully spread 

on an alumina dish crucible (17 mm diameter) and heated from 20 to 1000 °C at a heating rate 

of 5 °C min-1 under air at a flow rate of 50 mL min-1. Combustion parameters including the DTG 

peak temperatures, maximum rate of weight loss (Rmax, %/min), initial temperature (Ti) and 

burn out temperature (BOT) were determined for each sample. Ti is defined as the temperature, 

at which the derivative of the weight loss curve (DTG) first reaches the value of 1 % min-1. 

Rmax, %/min is the maximum reactivity defined from the DTG curve. BOT is the temperature at 

which the weight loss rate reaches the 1 % min-1 at the terminal phase of DTG profile. The 

repeatability of the experiments was evaluated with duplicates. 
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Drop Tube Furnace combustion  

Char burnout experiments were performed in a drop tube furnace (DTF) at a temperature set at 

1400 °C in Luleå University of Technology. The DTF is a cylindrical reactor with internal diameter 

of 54 mm and the heated reactor length of 2.3 m. Fuel particles are injected at the top of the 

reactor from a water-cooled injector with the air flow (180 mL min-1) to mimic the injection in the 

blast furnace tuyeres. Secondary gas, 4640 mL min–1 N2 and 260 mL min–1 CO2 at normal 

conditions, was supplied between the feeding probe and the reactor tube to mimic the reaction 

atmosphere inside the blast furnace after all the O2 are consumed. Fuel supply rate was varied 

between 0.05-0.1 g/min to keep the excess air ratio (supply rate of O2/stoichiometric rate of O2) 

constant at 0.3, 0.5 and 0.7 for different fuel composition while around 2 g of fuel was supplied 

for each experiment. Unburnt char was collected at the bottom of the reactor with a water-cooled 

char bin for further observation. 

CO2 Reactivity Test 

Samples of about 5 mg were spread on an alumina dish crucible (17 mm diameter) and heated 

from 40 to 850 °C at a constant rate of 30 °C min−1 under nitrogen at a flow rate of 100 mLmin-

1. The chars were kept in these conditions for 15 minutes to ensure the weight stabilization. 

Then the gas was switched to CO2 at 50 ml/min flow, starting the gasification reaction 

(Boudouard reaction) in an isotherm at 850 °C. The final temperature was kept for gasification 

until no evident weight loss was observed.  
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RESULTS 

Mass and energy yield 

The mass yield (Ym) and energy yield ratio (YE) of the lignin and black pellet chars are calculated 

by Eqs. (1) and (2) on a dry ash basis [21]. 

𝑌𝑚 = (
𝑀𝑡

𝑀0
) × 100           (1) 

𝑌𝐸 = (
𝐻𝐻𝑉𝑡

𝐻𝐻𝑉0
) × 𝑌𝑚 × 100          (2) 

Mt represents the mass of a sample left after the pyrolysis; M0 is the mass of a sample before 

the pyrolysis. Similarly, HHVt and HHV0 represent the higher heating values after and before 

pyrolysis, respectively. 

As shown in Figure 6, the mass yield and energy yield of lignin samples decreased as the 

pyrolysis temperature increased. The mass yield of lignin is 73.1%, 45.7% and 39.3% in 300 °C, 

500 °C and 650 °C, respectively. Also, black pellet showed a mass yield of 42.57% in slow 

pyrolysis at 500 oC. The mass yield results are in agreement with the thermogravimetric studies 

made in the slow pyrolysis heating rate region when Kraft-lignin and commercial pure lignin have 

been studied [1,22]. Compared to pristine woody biomasses with mass yields usually about 52–

54% at 300 °C [6,23], 22–27% at 500 °C and 20–26% in the temperature range of 600–700 °C 

[24,25], lignin has higher mass and energy yield which is mostly because of the different 

decomposition behavior of wood constituents; hemicellulose, cellulose and lignin. Furthermore, 

major reason for the higher mass yield of lignin could be that lignin has a 3D molecular structure 

of aromatic clusters (mainly phenolic) that are ready to produce char through cross-linking 

reactions [13,26]. 

 

 

Figure 6 Mass and energy yields of pyrolyzed lignin and black pellet. 
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Chemical composition 

Elemental analysis 
Chemical analysis of lignin and lignin chars (LC), Black pellet (BP) and pulverized coal (PC) 

including proximate, ultimate and heating value analyses are presented in Table 1.  

Table 1 Physico-chemical properties of the fuels. 

Materials 
MC* 

 (%, wb) 
VM*  

(%, db) 
Ash 

 (%, db) 
FC*  

(%, db) 
C 

 (%, db) 
H  

(%, db) 
N  

(%, db) 
S  

(%, db) 
O  

(%, db) 
HHV* 

 (MJ/kg, db) 

Lignin 3.4 74.0 0.3 26.1 61.3 6.23 0.70 0.087 31.4 25.22 
L300 < 1.0 41.0 0.5 59.2 75.3 5.14 0.97 0.101 18.0 30.18 
L500 < 1.0 18.0 0.7 83 85.9 3.56 1.23 0.121 8.6 33.12 
L650 < 1.0 5.1 0.9 94.0 93.7 2.05 1.33 0.115 1.9 34.31 
PC < 1.0 21.4 10.1 68,4 78.3 4.17 2.06 0.221 5.1 30.53 
BP raw  10.4 - 4.6 - 53 5.5 0.42 0.03 36.5 20.84 
BP500 0.8 13 10.8 76.4 78.9 2.7 1.02 0.032 6.6 29.62 

MC= Moisture Content, VM= Volatile Materials, FC= Fixed Carbon, HHV= High Heating Value. 

 

The ‘‘Van Krevelen diagram’’ provides the general information about atomic ratios (O/C–H/C) of 

typical fuels. For comparison, the atomic ratios for the raw and pretreated samples were plotted 

on the diagram.  A fuel with the low O/C–H/C atomic ratio is considered highly favorable because 

of the decreased smoke, water vapor and energy losses experienced during combustion. It is 

clear from Figure 7 that raw biomass has a low carbon content and high oxygen content 

compared to coal. After pyrolysis due to the removal of water and carbon dioxide, pyrolyzed 

biomass has low O/C–H/C atomic ratios when compared to raw biomass and therefore biochars 

are more coal-like products. L500, L650 and black pellet 500 showed a close O/C-H/C to the 

reference pulverized coal sample.  

 

Figure 7 Atomic H/C–O/C ratios of raw and pretreated samples. 
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Ash composition 
The ash content and ash components of materials used in this study has been reported in Table 

2. Pulverized coal has a high ash content mostly containing silicate and aluminum oxides. Lignin 

residues have very small ash content with sodium, calcium and silicate oxides while black pellet 

has a considerable ash content consisting mostly silicate and calcium oxides. Pyrolysis and 

increasing the temperature has increased the ash content of lignin chars.  Black pellet char also 

showed a significant increase in ash content after pyrolysis at 500 oC.  

Table 2 Ash composition of the fuels. 

Materials 
wt % 

Ash* CaO MgO SiO2 Al2O3 Na2O K2O Fe2O3 P2O5 

Lignin 0.3 14 2.8 5.7 1.9 18 7.7 6.7 5.4 
L300 0.5 nm nm nm nm nm nm nm nm 
L500 0.7 nm nm nm nm nm nm nm nm 
L650 0.9 10.8 2.2 4.3 2.2 17.3 5.5 19.2 4.3 
PC 10.1 6.5 2.7 52.1 25.5 0.3 2.1 nm 0.7 
BP Raw 4.6 nm nm nm nm nm nm nm nm 
BP500 10.8 36.7 3.2 23.4 2 0.5 5.2 1.8 2.3 

*Ash content (815 ◦C), nm=not measured 

XPS analysis 
The surface structure of raw and pyrolyzed samples were studied by XPS. From XPS wide 

energy spectrums of lignin surface in different pyrolysis temperatures (Figure 8), it can be 

concluded that C1s peak intensity has increased after pyrolysis. Calculation of carbon atomic 

percent based on XPS wide energy spectrums (Figure 9) also showed an increase of C At% 

from 71.57% for raw lignin to 83.11, 91.35 and 91.95 percent for L300, L500 and L650 char 

samples, respectively. This is due to pyrolysis stages including functional group decomposition 

and crosslinking reactions [27]. On the other hand, with 533.09 binding energy, O1s peak 

decreased in all pyrolyzed samples compared to raw lignin which is related to CO and CO2 

release. 
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Figure 8 XPS wide energy spectra of raw lignin, lignin and black pellet chars and PC. 

 

 

 
Figure 9 Carbon and oxygen content in the surface of samples extracted form XPS wide energy spectra.  

 

Figure 10 shows a broader C1s peak. The changes in carbon bonding on the surface of lignin 

chars in different pyrolysis temperatures can be studied by XPS short energy spectra of C1s 

scan. The significant change happened for C-C and C-O-C bonds as it is shown in Figure 10. 

Release of volatile materials decreased C-O-C bonds and re-polymerization lead to higher C-C 

bonds in the surface of lignin chars as depicted. In Figure 11, a summary of C1s scan peak 

intensity as atomic percent is also depicted.  
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Figure 10 XPS C1s spectra of raw and pyrolyzed lignin samples. 
 

 

Figure 11 A quantitative summary of carbon peaks in XPS C1s scan of raw and pyrolyzed lignin samples. 
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Physical analysis 

Particle size and shape analysis 
Woody Biomasses have bulky and fibrous nature which lead to poor grindability properties. The 

grindability of the raw biomasses can be substantially enhanced by torrefaction or slow pyrolysis 

[7,28]. In order to investigate the grindability of biochar samples and the effect of pyrolysis on 

the produced chars a particle size distribution analysis was performed. Obtained data are 

depicted on 

 

Figure 12. In addition, Figure 13 provides cumulative particle size distribution of the samples.  

Unlike most biomasses, grindability of lignin was not improved by pyrolysis. As it can be seen in 

Figure 13, there is higher share of smaller particles in the raw lignin compared to pyrolyzed 

samples. When the pyrolysis temperature increases, lignin chars show bigger particles. In fact, 

as saw dust go through chemical process of bioethanol production, the byproduct lignin will no 

longer have the fibrous structure and as a powder containing lumps and agglomerates, depicts 

very good grindability. During pyrolysis, higher temperatures result in stronger agglomeration 

and packing of the lignin structure. 

For the black pellet it can be seen in Figure 13 that pyrolysis at 500 oC produce a char with good 

grindability quite close to pulverized coal reference sample.  

Although pyrolysis did not improve grindability of lignin chars, it caused a significant 

improvement in the shape of lignin char particles. All pyrolyzed lignin chars are highly spherical 
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and showed a high aspect ratio comparable to pulverized coal. Black pellet also depicted very 

high sphericity and aspect ratio (Figure 14). 

 

 
Figure 12 a) Cumulative particle size distribution and b) particle size distribution of pulverized raw lignin, lignin chars, black 

pellet char and coal. 
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Figure 13 particle size indices of biochar and coal samples. 
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Figure 14 Particle shape analysis a) sphericity and b) aspect ratio of raw lignin, lignin and black pellet chars and PC. 

Microstructure analysis 
The microstructures of pyrolyzed lignin and black pellet samples are depicted in Figure 15. 

In the prepared section of samples, the white phase represents char structure, gray phase is 

the resin and black phase represent impurities (ash in black pellet and PC). All the pyrolyzed 

lignin samples contain a matrix of linked particles. In the L300 samples the substrate network 

was denser with fewer voids while the L500 samples showed a narrower particle network 

and smaller colonies of lignin particles. Again, in the L650 samples, there were wider areas 

of agglomerates. In the other side, black pellet char sample showed a more compact 

structure containing some distorted wood texture and ash.  

Pyrolysis and the release of volatile materials usually results in a more open structure in 

pyrolyzed samples containing wood structure [29,30], but this does not hold for the lignin 

samples, as mentioned earlier regarding the particle size distribution results.  

A slight agglomeration of fines occurred in the char samples pyrolyzed at high temperatures. 

The agglomeration can be seen in the SEM images of the lignin chars in Figure 16. According 

to the SEM analysis, the L500 samples have smaller particles compared to the L300 

samples, while for the L650 sample higher share of agglomerated particles which represents 
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larger particles confirmed the result of particle size analysis. SEM image of powder black 

pellet chars showed different particles depicting angular edges or acicular shapes 

representing pyrolyzed and distorted shape of different constituents of raw material.  

 

 

Figure 15 Optical microscope images of 2-4mm samples: (a) L300, (b) L500, (c) L650, (d) Black Pellet 500, (e) PC, 100X 
magnification. 

 

 
Figure 16 SEM of powder lignin (a) 300, (b) 500, (c) 650 and (d) black pellet 500 samples 1000X magnification. 
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Density 
Bulk density was measured for 2-4mm fraction and pulverized samples and the result are 

shown in Figure 17. Bulk density increased with increasing pyrolysis temperature. This effect 

is more significant for pulverized sample rather than 2-4 mm fraction. Black pellet char also 

showed highest bulk density among all powder samples. Measuring the true density or 

pycnometric density of 2-4 mm fraction samples depicted in Figure 18 confirms the increase 

in bulk density of samples with increasing the pyrolysis temperature. 

 The density increase with pyrolysis temperature might be due to increased share of denser 

components like carbon and ash and decreased share of light components including H and 

O. Also, the resulting products of pyrolysis at higher temperatures seemed to obtain 

structural shrinkage, causing higher bulk density. During pyrolysis, a significant loss of 

volatile and condensable compounds from the biomass increases the true density, leading 

to the shrinkage of pyrolyzed matrices to form highly carbonaceous materials. Furthermore, 

the devolatilization may collapse the void volume in the biomass char to raise the true density 

[31]. 

The lower bulk density of lump-form biochars requires special consideration when designing 

efficient supply chains and storage systems for lignin and lignin chars. The comparable bulk 

density of the pulverized lignin chars (L500 and L650) to the bulk density of PC is a promising 

result in terms of biofuel handling and possible blending with fossil coals. 

 

 

Figure 17 Bulk density of raw lignin, lignin and black pellet chars and PC. 
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Figure 18 Pycnometric density of raw lignin, lignin and black pellet chars and PC (2-4 mm fraction). 
 

Surface and pore analysis 
The specific surface area and pore volume of the powder samples were measured and reported 

in Figure 19. It can be said that PC has a very close structure compared to char samples. Also, 

among the char samples, increased pyrolysis temperature lead to a char with bigger pores.  

  

Figure 19 surface and pore analysis of lignin and black pellet chars and PC powders.  
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Water uptake 
Water absorption properties of lignin and black pellet chars were analyzed by water immersion 

test and the results are depicted in 

 

Figure 20. As It can be seen, the moisture uptake of the PC is very low. Low moisture uptake is 

the reason why PCs are usually stored in outside storage areas. When comparing raw and 

pyrolyzed lignin samples, it is obvious that pyrolysis played very important role in reducing 

moisture uptake of lignin. Severe pyrolysis increases water uptake of the lignin chars which is 

clear by higher percentage of water absorbed in char samples produced in higher pyrolysis 

temperatures. Hydrophobicity of biochars decreases with increasing pyrolysis temperature 

which may be due to less hydrophobic aliphatic functional groups which are volatilized and lost 

at higher production temperatures [9,32,33]. 
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As it is shown in  

Figure 20, water uptake measurement through water immersion method results in data with low 

repeatability and high standard deviation. In order to confirm the accuracy of the data, a humidity 

chamber test was performed as another method to analyze moisture uptake. The results are 

depicted in Figure 21. Humidity chamber test verified the order of the hydrophobicity that was 

very low for raw lignin, improved and reduced by pyrolysis and increased with increasing 

pyrolysis temperature. Very low moisture uptake of PC sample was also confirmed. The main 

difference between the results obtained by two moisture uptake tests was about black pellet 500. 

It seems that in humid atmosphere black pellet tends to adsorb high amount of moisture than 

rather than the rest of samples even in the case of raw lignin. This can be discussed in more 

details regarding the chars surface properties. 
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Figure 20 Water uptake in water immersion test for 2-4 mm samples. 
 

 

Figure 21 Moisture uptake in humidity chamber test for 2-4 mm samples (T=30 oC, RH=90%). 
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Flow and transport properties 
Among different bulk properties of powder, compressibility and permeability of the powders 

were measured and reported in Figure 22 (a,b). The results showed the compressibility was 

the highest for L300 and the other lignin samples and black pellet chars depicted quite close 

amount to PC. The high compressibility of the L300 samples indicates a higher percentage 

of void space inside the material bed. Higher compressibility and a lower bulk density could 

result in less efficient particle packing of the L300 samples which is probably due to their 

irregular shape (lower sphericity).  

The pressure drop across the powder bed under normal stress of 15 kPa was calculated as 

the permeability of the powders. For L300 char samples, permeability was significantly higher 

when compared to L500, L650 and black pellet char which means it is a very cohesive 

powder.  

In pneumatic transfer lines where particles are separated and carried by the carrying gas, 

the effectiveness of pneumatic transfer can be estimated from material permeability values. 

The higher the permeability the bigger share of carrying gas that passes through the material 

bed without transferring materials. Effective pneumatic transfer favors low or moderate 

permeability values[13]. 

 
 

Figure 22 Bulk properties of lignin chars and coal a) compressibility and b) permeability. 
 

Basic flow Energy (BFE) and aeration energy as indicators of powder’s dynamic flow 

properties are presented in Figure 23. As it is shown in Figure 23 a, basic flow energy of all 

chars was quite close to PC. The increase in the pyrolysis temperature caused no significant 
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change in BFE of lignin chars. L300 had the lowest BFE which means less energy is required 

for the blade to pass through the powder bed. The low aspect ratio caused the easier 

movement of the blade through the open and randomly packed bed of the L300 sample. In 

contrast, aeration energy results showed L300 has extremely high AE compared to PC and 

the other chars. The high cohesion of the L300 powder which is reflected in its low bulk 

density and high permeability is a reason for the higher aeration energy of the L300 samples. 

It means that higher energy is required to make the L300 powder flow when it is aerated with 

gas as compared to other samples. Aeration itself helps the flowability as it can be seen in 

the reduction of the BFE of the L300 samples, but the higher cohesion of this powder is better 

understood through the AE results. The lower aeration energy values for the L500 and L650 

samples might be considered very good from a technical perspective. This means that the 

particles will flow easily with a lower tendency to cause blockages during pneumatic 

conveying or injection into a BF [34]. 

Black pellet showed higher BFE than PC and the other chars. It is probably due to the fact 

that black pellet char powder is a denser and more heavily packed powder than PC. So 

higher energy is required to move the blade inside a powder bed of black pellet char rather 

than PC. In addition, black pellet 500 char sample is less cohesive than PC as the aeration 

decreased the flow energy and so, AE of the sample is lower than that of PC.  

  

Figure 23 Dynamic properties of char samples and coal a) BFE, b) AE3 and AE6. 
 

In Figure 24 shear properties of the samples like cohesion (C), wall friction angle and flow 

function (FF) are presented. The results show that increasing the pyrolysis temperature 

reduced the cohesion of the chars and pyrolyzing at 500 °C made the lignin char the least 

cohesive of all. The pyrolysis temperature had no clear effect on the wall friction angle, and 

the sliding resistance of all lignin chars was in the range of 18-20 o. 

Also, cohesion of black pellet 500 is quite low which confirms its low aeration energy.  
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FF index classifies powders based on their flow tendency. FF less than 1 means a powder is 

not flowing. A powder with an FF between 1 and 2 is very cohesive, between 2 and 4 is 

cohesive, between 4 and 10 is easy-flowing and finally FF higher than 10 shows a free-

flowing powder [35].  

As the measured FF values illustrate in Figure 24 c, the L300 and L650 samples displayed 

an easy flowing property but the L500 and black pellet 500 samples were classified as a free-

flowing powder.  
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Figure 24 Shear properties of lignin chars, black pellet 500 and coal a) cohesion, b) wall friction angle and c) flow function. 

Biochar combustion study 

Combustion properties of biochar samples were studied by Thermogravimetric analysis and 

Drop Tube Furnace (DTF) test.  

Results of thermogravimetry analysis as TG-DTG profiles illustrating the combustion of the PC, 

black pellet and lignin chars presented in Figure 25. Based on the TG-DTG graphs, the 

combustion indices of biochar samples were extracted and reported in Table 3. Effect of 

pyrolysis temperature can be observed from the lignin char combustion data. As the temperature 

of pyrolysis increased, combustion zone including initiation and burnout shifted to higher 

temperatures. Furthermore, temperature of maximum combustion rate shifted to higher 

temperatures especially by increasing the pyrolysis temperature from 500 to 650 oC. When 

comparing the combustion behavior of the lignin chars with PC, it can be concluded that except 

for L300, which contain high amount of volatile materials and had a devolatilization zone, 

combustion of the lignin chars happens in a short temperature range. This is indicated by a 

narrow combustion peak in DTG graph while for PC a broad combustion peak appeared. 

Beside lignin and PC samples, combustion of black pellet was quite different. Black pellet 500 

char sample showed a wide combustion zone but in a very low temperature range. Looking at 

Table 3, Ti, DTG peak and BOT temperatures for black pellet 500 are low. It might be related to 

the fact that this sample is a cellulosic type biochar which like other woody biomasses tend to 

burn in lower temperatures.   
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Figure 25 TG and DTG profiles of PC, black pellet and lignin char combustion in the air (heating rate 5 °C min-1). 
 

Table 3 Combustion properties of coal and lignin chars. 

  Ti (°C) DTG (°C) Rmax (%/min) BOT (°C) 

L300 286 461 15.44 465 
L500 390 473 16.07 493 
L650 448 525 11.77 539 
PC 410 488 4.6 553 
BP500 330 388 7.82 450 

 

were performed for lignin char samples and burnout of powder samples were measured in 

several combustion conditions.  

The results showed that L300 has the highest burnout. It means that only about 17 percent of 

samples will remain unburnt after injecting L300 char powder into the DTF. It is mainly because 

high volatile material of this sample which is released and leaves a very reactive surface for 

continuing the combustion in quite a very short residence time inside the DTF. Also, it is 

observed that char samples produced in higher pyrolysis temperatures had lower burnout mostly 

because of the less volatile content, more ordered structure and less reactive site available. 

Volatile materials accelerate combustion of char in a simulated blast furnace atmosphere 

leading to higher burnout. Thus, severe pyrolysis condition that results in higher fixed carbon 

and lower volatile material hinders combustion reactivity in blast furnace injection and lowers 

the combustion reactivity of biochars.  
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Although lower pyrolysis temperature results in fuels with higher burnout in the raceways of blast 

furnace, the higher heating value (HHV) of chars for an efficient combustion should be 

considered as well [12]. According to Table 1, all lignin chars (even L300) and black pellet char 

depicted high HHV close to HHV of PC which is very good for combustion reactions inside blast 

furnace.  

To investigate the effect of oxygen level in char burnout in DTF, combustion test with three 

different lambdas was done for L500 and compared to PC. The lambda value as the excess air 

ratio (supply rate of O2/stoichiometric rate of O2) was set to 0.3, 0.5 and 0.7 and burnout results 

was calculated and depicted in Figure 27. As it can be seen, PC showed the highest burnout for 

every lambda. Although PC has a lower carbon content the higher amount of volatile material 

may result in higher burnout. In addition, as expected an increase in excess air ratio increased 

carbon conversion and burnout of both PC and L500 char samples.  

 

 

Figure 26 Char burnout in DTF (λ=0.5, res. time=1.56 s, gas flow 10l/min). 
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Figure 27 DTF burnout of L500 and PC at different lambdas (res. time=1.56 s, gas flow 10 l/min). 
 

Finally, the effect of gas flow rate on combustion were analyzed for L500 and PC samples. 

Figure 28 shows that decreasing the gas flow, which is equal to increasing the residence time 

of char particles inside reaction chamber, increased the mass conversion or burnout of both 

L500 and PC samples. It can be said that kinetic parameters are the limiting factors in char 

burnout in injection systems similar to blast furnace injection and higher recovery can be 

obtained by improving gas flow in combustion of biochar.  

 

Figure 28 DTF burnout of L500 and PC at different gas flow rates (λ=0.5). 

Optical micrograph of unburnt chars collected at the bottom of the DTF are depicted in Figure 

29. L300 unburnt char with higher burnout value depicted more delicate and porous structure 

containing particles with thin cell walls. L500 and especially L650 showed a denser structure 

and less internal burnt signs. Bearing in mind the very low ash content of lignin chars it can be 
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concluded that after burnout in the raceways of the blast furnace, the material bed will be left 

with very low-density soot-like particles.  

 

 

Figure 29 Optical microscopy of unburnt chars. 
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Biochar Reactivity 

Based on thermogravimetric data, ash free mass change (%) for CO2 gasification of char is 

shown inFigure 30. Black pellet 500 showed very high reactivity towards CO2 and it took only 

less than 100 minutes to complete the gasification. On contrary, PC had a very slow reaction 

with CO2 and even after 400 minutes, just about 30% of the reaction progressed. PC and L300 

both have the same amount of total carbon measured in ultimate analysis but PC has higher 

fixed carbon and L300 has higher volatile content and so higher carbon as volatile material. 

Lower activity of coal samples is mainly related to the higher fixed carbon in the structure of high 

rank coal which is not reacting as easy as other carbon form. Among the lignin samples, L300 

showed the highest reactivity followed by L650 and finally L500. The difference between L500 

and L650 is small and may be due to the shrinkage that happens when the lignin samples 

pyrolyzed at 500 oC. This shrinkage reduces the available surface for solid-gas reaction. But 

when the reactivity graph is normalized by volatile material content of samples (Figure 31), the 

reactivity order of the lignin chars followed the expected order with highest reactivity for L300 

and the lowest for L650.  

 

Figure 30 Comparison of the conversion of the samples in CO2 gasification at 850 oC (TG%dry ash free). 
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Figure 31 CO2 reactivity graph normalized with volatile material content.  
 

The ash composition of samples is an important factor affecting the reactivity of carbon-

containing materials in the CO2 atmosphere. It is reported that the potassium has a positive 

effect on CO2 reactivity of soot. Trubetskaya et al. showed that the removal of water-soluble 

potassium from wheat straw soot by leaching led to a lower reactivity in CO2 gasification at 1250 

and 1400 °C by factors of 2.5 and 8, respectively [36]. The ash content and composition of the 

samples are reported Table 2. Black pellet 500 had a K2O content as high as 0.6 wt% while L650 

and PC had only 0.06% and 0.21% K2O, respectively. This may cause the high reactivity of black 

pellet 500 compared to the rest of the samples.  
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DISCUSSION 
In this study two types of biomasses were studied. In order to discuss obtained results, it is good 

to explain the nature of lignocellulosic biomass. As depicted in Figure 32, lignocellulosic biomass 

mostly consists of about cellulose (33%–55%), hemicellulose (13%–33%), and lignin (13%–32%) 

by dry weight. These three main components constitute up to 90% of biomass with the remaining 

mass being attributed to ash, structural proteins, and extractives [37].  

 

Figure 32 structure of lignocellulosic biomass [37]. 
 

The lignin and black pellet samples were produced by chemical and thermochemical methods 

of biomass pretreatment performed on the saw dust (lignin) and bark of spruce and pine (black 

pellets), respectively. As the name implies, lignin sample mainly consists of lignin component 

while black pellet is mainly lignin-free containing cellulose and hemicellulose. As depicted in 

Figure 32, the molecular structure of these two materials is different so they will behave 

differently which will be discussed in more detail here.  

Lignin has heterogeneous chemical structure. Owing to these heterogeneous features, the 

behavior of lignin during pyrolysis reactions and pyrolysis products depends on the pyrolysis 

temperature.  

For lignin, primary pyrolysis reactions occur over a wide temperature range of 200–800 °C with 

a DTG peak around 350 °C. Based on the available literature and according to the chemical 

composition analysis such as ultimate analysis and XPS, it can be concluded that during the 

primary pyrolysis weak bonds in the side chain of lignin macromolecules break and release 

gases like H2O, CO2 and light hydrocarbons. Among samples, Lignin pyrolyzed at 300 oC faces 
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primary pyrolysis. The higher mass yield during pyrolysis means the partial release of volatile 

materials and the sample still had a volatile content of 41%.  By increasing the temperature 

secondary pyrolysis of lignin happens at temperatures higher than 400 oC which includes 

release of higher hydrocarbons and repolymerization reactions through changing in aromatic 

rings, release of more complex hydrocarbons, coking and formation of Polycyclic Aromatic 

Hydrocarbons (PAH). Continued devolatilization followed by repolymerization decreases the 

char yield. Lower hydrogen and oxygen content and higher carbon content in the char samples 

result in increased HHV. The pyrolysis also changes the physical properties of raw materials. 

Release of light volatiles, accumulation of heavy components like ash, structural shrinkage and 

void collision all result in biochars with less porous structure, higher true and bulk densities and 

improved water uptake. Furthermore, pyrolysis improved the flow and transport properties of 

biochars mainly because of higher bulk density as well as fine and spherical particles. 

The black pellet sample is a mixture of two different softwood barks which is steam exploded 

and pelletized. Since bark as a source material mainly consist of a high share of hemicellulose 

and higher ash content, it is very reactive in nature. Black pellet 500 represented high 

combustibility which happens in a low temperature range compared to lignin. Black pellet char 

is also very reactive toward CO2 which again is related to its chemical structure and high basic 

ash content. Furthermore, as depicted in humidity chamber test, it seems that black pellet 

surface provides a good condition of chemisorption of polar gas molecules like water and CO2.  

Pyrolysis at 500 oC improves the grindability of fibrous black pellet and as it can be seen in the 

particle size and shape graphs this sample reached to a good grindability close to PC particle 

size and shape. Microstructure analysis of char samples shows that black pellet has a more 

packed structure compared to lignin. It is the reason for its higher bulk and true densities also 

results in lower permeability and compressibility along with higher basic flow energy.    

Technical consideration for use of biochar in BF injection 

Storage  

Different parameters need to be considered for storing the raw materials for applications like BF 

injection.  

Most of the time before grinding, raw materials are stored in outside storage yard which might 

be windy, humid and hot/cold based on the environmental conditions of the site. A good 

storage should ensure safe, low-cost storage with minimum effect on the physical and 

chemical properties of the stored.  
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First, particle size and density of raw material is an important parameter for outside storage. 

Low density materials will occupy more space and then bigger storage area will be required in 

comparison to previous raw material storage area.  

Also, when there is a big share of fine particles in the raw material then the dust yielded in the 

plant area will be a problem.  

Furthermore, in a windy condition light (low density) and fine particles (as it is in the lignin 

biochars) are subjected to wind and spread easily and to avoid this effect, there might be a 

need to add moisture to the stored materials.  

With the moisture in the material at subzero temperatures, raw materials get together as frozen 

parts together with un frozen parts cause problem in silos. 

It is also the rule of thumb that when the share of fine (with particle size of less than 1mm) 

particles in raw material is more than 30%, flow of material inside the silo would face issues.  

Finally, ignitibility of stored material should be considered to prevent any unexpected treat to 

the plant.  

Grinding 

When using the use of biomass based raw materials the grinding should be well considered for 

existence of coarse material and moisture.  

Biomass in its original shape is quite soft and flexible. It is known that raw biomass has a very 

poor grindability and there is always fibrous material in the grinded product.  

It is also a fact that a good grinding will be obtained when there is both a hard and a soft 

material in grinding device. And it is not possible to achieve the required particle size in a 

grinder filled only with raw biomass. A mixture of hard coal or heat-treated biomass together 

with raw biomass will result in a better grinding process.   

In most of industrial plant, grinding and drying facilities are combined and they need a 

minimum of 6-7 % moisture in their process to perform well. When using biomass or heat-

treated biochar or a mix of biomass with coal it is also necessary to keep the moisture at least 

at the minimum level otherwise the heating unit operation will not perform well.  

As it is discussed earlier, coal is quite denser than the biomass and even charcoal. When the 

material is grinded, the bulk density difference will increase for powdered material which 

should be noted in material raw material flow design and storage in injection silos of the blast 

furnace.  
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The suitability of lignin and black pellet chars for blast furnace injection was evaluated and 

compared to fossil-based reductants that are currently used as BF reductant.  

The chemical properties and heating value of pulverized coals set the basis for comparison of 

the biochars. Pulverized coals (PC) have varying chemical properties depending on the coal 

source. Typically, the carbon content of fossil coal is 80–90%, with an ash content of around 

10%. The heating value of the pulverized coals is typically around 30 MJ/kg.  

The chemical properties of biochars produced from wood-based feedstock depend on the final 

temperature of the heat treatment. As the temperature increases the heating value of the 

pyrolyzed biomass approaches the heating value of pulverized coal.  

The low hydrophobicity and low density of biomass is always a problem that many industries 

face. Pyrolysis also improved the biomass behavior in material handling and storage since it 

increases bulk density and hydrophobicity.   

Flow and transport 

The other important property of biochar powder is the powder permeability. In pneumatic transfer 

lines where particles are separated and carried by the carrying gas, the effectiveness of 

pneumatic transfer can be estimated from material permeability values. The higher the 

permeability the bigger share of carrying gas will pass through the material bed without 

transferring materials. Effective pneumatic transfer favors low or moderate permeability values 

[13]. The permeability of the biochar powder samples was calculated based on the pressure 

drop across the powder bed under normal stress of 15 kPa. Permeability in the case of the L300 

char samples was significantly higher (Figure 22) which means more cohesive behavior of the 

L300 samples and may be due to their low sphericity which makes a low-density porous bed. 

The permeability of the L500 and L650 and black pellet 500 char samples was quite similar and 

close to that of PC. 

Finally, as the measured FF values illustrate in Figure 24 c, the L300 and L650 samples 

displayed an easy flowing property but the L500 and black pellet 500 samples were classified 

as a free-flowing powder. Here, it is worth mentioning that extreme free flowing properties of a 

powder may not be considered desirable as a free flowing powder can flow through the dosing 

screw like a liquid and cause powder leakage in slide gate valves or ball valves [39]. 

Chemical composition 

The ash content of the pyrolyzed biomass is low but depends on the properties of the raw 

material. Lignin chars had quite low amount of ash but black pellet char has an ash content as 

high as PC. The ash chemistry of fossil- based coals and biomass-derived bioreducers differs 
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considerably (Table 2). The pulverized coals have a high content of SiO2 and Al2O3, whereas 

the charcoals contain elements that increase basicity. In general, fossil-based coals have lower 

proportion of alkalis (Na and K) than wood-based chars. Lignin and black pellet also have higher 

amount of phosphor in their ash.  

Chemical composition of charcoal is important to be considered as it affects the slag composition 

and the quality of produced pig iron. Here we discuss it in three part.  

Ash composition affects slag formation in the blast furnace. Acidic and basic component of slag 

should be balanced for suitable slag viscosity and to pick up unwanted elements from hot metal.   

The amount of CaO, MgO, SiO2 and Al2O3 should be watched when considering replacing the 

PC with biochar. Biochars provide low amount of these materials but it can be compensated by 

adding limestone or quartz in raw material feed of blast furnace.  

The next thing about the composition of charcoal is the quantity of harmful elements like K2O, 

Na2O, S, Zn and Cl. These elements will increase during the material circulation inside the blast 

furnace. If there is a one percent increase in quantity of these elements in input materials, then 

it will be increased up to 7-8 times during the material circulation inside the blast furnace. As 

lignin and black pellet ash has higher percentage of K2O, Na2O compared to PC, there should 

be a very careful consideration when replacing PC with these biochars. Lignin has quite low ash 

content and therefore lower amount of K and Na but for black pellet with ash content as high as 

PC these elements should be monitored carefully.  

Finally, biochar chemical composition will also affect the composition of the hot metal and 

produced pig iron. The Cr, V and P content of pig iron is important for and steel production 

industry. In fact, the smelters define the maximum level of Cr, V and P components in the pig 

iron and blast furnace balance should be changed to meet the composition requirements of the 

pig iron. Biochars contain high amount of phosphor. Black pellet and lignin showed very high 

P2O5 content compared to PC. If the injection of biochar is aimed in the blast furnace, then the 

amount of P might be increased bit it can be controlled by decreasing the amount of recycled 

slag in the BF feed material.  

Biochar reactivity and combustion in BF injection 

Studies shows that in BF injection, combustion behavior of coal blends is influenced by several 

properties of individual coals and cannot be estimated by using any single coal parameter. 

Carbon structure of coal as well as the interaction of volatile matter of individual coals was found 

to have a strong influence on the burnout of coal blends. The same thing can be concluded when 

biochar is aimed to be used.  
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For a successful high injection operation and to achieve effective economic gains, it is imperative 

to achieve high coke substitution rates, which in turn is strongly influenced by the fact that coal 

has to burn as fast as possible in the raceway within a short residence time of ~20 ms. To some 

extent, the degree of combustion can be controlled by the operating variables such as blast 

temperature and oxygen enrichment. However, the injected fuel properties are known to have a 

very significant effect on their combustion behavior. Low volatile matter (LVM) coals are believed 

to provide higher coke replacement ratio due to high carbon content but they are often difficult 

to burn when compared to high volatile matter (HVM) coals.  

It is important to clarify the effect of char properties and the associated mechanisms on the 

combustion and reactivity behavior of biochar for BF injection. Looking at Table 4, a summary 

of experiment results and chemical composition and pore size of samples can help to make 

some conclusions on reactivity of chars.  Carbon and volatile material content as well as surface 

area available for chemical reactions has affected the burnout and reactivity (R50).  

The results showed that the DTF burnout and R50 reactivity did not change linearly with volatile 

matter of chars (Figure 33 a, b). Results showed that higher volatile mater increase the burnout 

and reactivity but not in a linear way and other factors are also prevailing. So that for PC with 

almost the same volatile maters the burnout is the same but R50 is quite high.  The reason is 

the low surface area and pore size of PC sample which limits reactive sites and makes the 

C+CO2 reaction unfavorable kinetically.  It can be concluded that lignin char samples are quite 

good for BF injection as they react with CO2 quite fast in comparison to PC.   

Comparing the lignin char samples, it can be said that increasing the pyrolysis temperature in 

one way increase the carbon content (and calorific value accordingly) and increase the surface 

area in another way which both have a positive effect of combustibility and reactivity.But severe 

pyrolysis also decreases the volatile materials which is not pleasant in case of reactivity and 

burnout.  

Table 4 Comparison of the chemical reactivity of coal biochar samples.  

sample 
C 

(db) 
H 

(db) 
O 

(db) 

Volatile 
materials 

(db) 

Fixed 
Carbon 

DTF 
Burnout 

R50 
(min) 

Fuel ratio 
(FC/VM) 

SSA 
(m2/g) 

Pore 
volume 
(cm3/g) 

PCI-coal 78.3 4.17 5.1 21.4 68.4 44.95 610.00 3.196262 0.2 0.0005 

L300 75.3 5.14 18 41 59.2 82.78 121.51 1.443902 0.75 0.0016 

L500 85.9 3.56 8.6 18 83 38.88 175.27 4.611111 24.9 0.025 

L650 93.7 2.05 1.9 5.1 94 36.15 155.61 18.43137 68.8 0.039 

BP500 78.9 2.7 6.6 13 76.4 nm 47.36 5.876923 11.9 0.026 
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Figure 33 Effect of volatile materials on DTF burnout and reactivity of lignin samples. 
 

Here it worth mentioning that in this study it is demonstrated that combustion and reactivity 

behavior of char samples was influenced by several properties of individual chars and cannot 

be estimated by using any single parameter of the chars. 
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SUMMARY AND CONCLUSIONS 
Properties of biochars as a sustainable resource for blast furnace injection is related to the 

biomass source material and pretreatment conditions like pyrolysis temperature. Heat 

treatment of lignin and black pellet in a slow pyrolysis process cause different changes in the 

biomass. When a biomass is heated up, depend on the type of biomass the decomposition 

reactions happens over a temperature range including devolatilization, carbonization and 

repolymerization processes. The properties of produced char depend on the pyrolysis 

reaction and this will affect the proceeding processes in which the char will be used. In this 

study, several characterization methods were used to investigate the suitability of biochars 

for iron and steel industry. The obtained results are as following: 

 Results showed that slow pyrolysis improves physical and chemical properties of 

lignin with the best results for the char obtained in pyrolysis at 500 °C.  

 Of all samples studied, L500 and black pellet 500 powders which were more spherical 

and had higher bulk density displayed lower compressibility and permeability along 

with lower cohesion and aeration energy. L500 and black pellet 500 char were also 

categorized as a free-flowing powder based on their flow function indices. Thus, they 

will behave well in blast furnace injection system from storage and material handling 

to injection into blast furnace.   

 Thermogravimetric indices like Ti and BOT, DTG peak temperatures for combustion 

analysis revealed that the combustibility of lignin chars decreased as the temperature 

of pyrolysis increased but still combustibility of L300 and L500 samples was higher 

than PC.  

 Black pellet char combustion starts and ends in very low temperature range which 

shows its high combustibility among all studied samples.  

 Black pellet which is made of bark had an ash content as high as pulverized coal but 

with higher basicity because of higher CaO, K2O.  

 Black pellet showed higher reactivity compared to lignin chars and pulverized coal 

which aside from its biomass nature might be due to higher calcium oxides content of 

the ash.  

 Combustion and reactivity behavior of char samples are influenced by several properties of 

individual chars and cannot be estimated by using any single parameter of the chars. 

 



 

 

 49 

REFERENCES 
[1] H. Suopajärvi, A. Kemppainen, J. Haapakangas, T. Fabritius, Extensive review of the 

opportunities to use biomass-based fuels in iron and steelmaking processes, J. Clean. 

Prod. 148 (2017) 709–734. doi:10.1016/j.jclepro.2017.02.029. 

[2] H. Suopajärvi, K. Umeki, E. Mousa, A. Hedayati, H. Romar, A. Kemppainen, C. Wang, A. 

Phounglamcheik, S. Tuomikoski, N. Norberg, A. Andefors, M. Öhman, U. Lassi, T. 

Fabritius, Use of biomass in integrated steelmaking – Status quo, future needs and 

comparison to other low-CO2 steel production technologies, Appl. Energy. 213 (2018) 

384–407. doi:10.1016/j.apenergy.2018.01.060. 

[3] C. Feliciano-Bruzual, J.A. Mathews, BIO-PCI, Charcoal injection in Blast Furnaces: State 

of the art and economic perspectives, Rev. Metal. 49 (2013) 458–468. 

doi:10.3989/revmetalm.1331. 

[4] T. Kan, V. Strezov, T.J. Evans, Lignocellulosic biomass pyrolysis: A review of product 

properties and effects of pyrolysis parameters, Renew. Sustain. Energy Rev. 57 (2016) 

126–1140. doi:10.1016/j.rser.2015.12.185. 

[5] M.J.C. Van der Stelt, H. Gerhauser, J.H.A. Kiel, K.J. Ptasinski, Biomass upgrading by 

torrefaction for the production of biofuels: A review, Biomass and Bioenergy. 35 (2011) 

3748–3762. doi:10.1016/j.biombioe.2011.06.023. 

[6] M. Phanphanich, S. Mani, Impact of torrefaction on the grindability and fuel 

characteristics of forest biomass, Bioresour. Technol. 102 (2011) 1246–1253. 

doi:10.1016/j.biortech.2010.08.028. 

[7] H. Abdullah, H. Wu, Biochar as a fuel: 1. Properties and grindability of biochars 

produced from the pyrolysis of mallee wood under slow-heating conditions, Energy and 

Fuels. 23 (2009) 4174–4181. doi:10.1021/ef900494t. 

[8] S. Matali, N.A. Rahman, S.S. Idris, N. Yaacob, Combustion properties, water absorption 

and grindability of raw/torrefied biomass pellets and Silantek coal, in: 3rd Adv. Mater. 

Conf. 2016, 2016: p. 100005. doi:10.1063/1.5010527. 

[9] M. Gray, M.G. Johnson, M.I. Dragila, M. Kleber, Water uptake in biochars: The roles of 

porosity and hydrophobicity, Biomass and Bioenergy. 61 (2014) 196–205. 

doi:10.1016/j.biombioe.2013.12.010. 

[10] Z. Guo, X. Chen, Y. Xu, H. Liu, Study of flow characteristics of biomass and biomass-

coal blends, Fuel. 141 (2015) 207–213. doi:10.1016/j.fuel.2014.10.062. 

[11] M. Almendros, O. Bonnefoy, A. Govin, W. Nastoll, M. Almendros, O. Bonnefoy, A. Govin, 

W. Nastoll, E. Sanz, Changes on wood powder morphology and flowability due to 



 

 

 50 

thermal pretreatment, Récents Progrès En Génie Des Procédés. 101 (2011). 

[12] S.W. Du, W.H. Chen, J.A. Lucas, Pretreatment of biomass by torrefaction and 

carbonization for coal blend used in pulverized coal injection, Bioresour. Technol. 161 

(2014) 333–339. doi:10.1016/j.biortech.2014.03.090. 

[13] N. Toloue Farrokh, H. Suopajärvi, O. Mattila, K. Umeki, A. Phounglamcheik, H. Romar, 

P. Sulasalmi, T. Fabritius, Slow pyrolysis of by-product lignin from wood-based ethanol 

production– A detailed analysis of the produced chars, Energy. 164 (2018) 112–123. 

doi:10.1016/J.ENERGY.2018.08.161. 

[14] W.H. Chen, S.W. Du, C.H. Tsai, Z.Y. Wang, Torrefied biomasses in a drop tube furnace 

to evaluate their utility in blast furnaces, Bioresour. Technol. 111 (2012) 433–438. 

doi:10.1016/j.biortech.2012.01.163. 

[15] A. Babich, D. Senk, M. Fernandez, Charcoal Behaviour by Its Injection into the Modern 

Blast Furnace, ISIJ Int. 50 (2010) 81–88. 

doi:https://doi.org/10.2355/isijinternational.50.81. 

[16] S.W. Park, C.H. Jang, K.R. Baek, J.K. Yang, Torrefaction and low-temperature 

carbonization of woody biomass: Evaluation of fuel characteristics of the products, 

Energy. 45 (2012) 676–685. doi:10.1016/j.energy.2012.07.024. 

[17] N. Toloue Farrokh, H. Suopajärvi, O. Mattila, K. Umeki, A. Phounglamcheik, H. Romar, 

P. Sulasalmi, T. Fabritius, Slow pyrolysis of by-product lignin from wood-based ethanol 

production– A detailed analysis of the produced chars, Energy. (2018). 

doi:https://doi.org/10.1016/j.energy.2018.08.161. 

[18] R.H.H. Ibrahim, L.I. Darvell, J.M. Jones, A. Williams, Physicochemical characterisation 

of torrefied biomass, J. Anal. Appl. Pyrolysis. 103 (2013) 21–30. 

doi:10.1016/j.jaap.2012.10.004. 

[19] C. Wang, J. Peng, H. Li, X.T. Bi, R. Legros, C.J. Lim, S. Sokhansanj, Oxidative 

torrefaction of biomass residues and densification of torrefied sawdust to pellets, 

Bioresour. Technol. 127 (2013) 318–325. doi:10.1016/j.biortech.2012.09.092. 

[20] R. Freeman, Measuring the flow properties of consolidated, conditioned and aerated 

powders - A comparative study using a powder rheometer and a rotational shear cell, 

Powder Technol. 174 (2007) 25–33. doi:10.1016/j.powtec.2006.10.016. 

[21] S.W. Park, C.H. Jang, Effects of pyrolysis temperature on changes in fuel characteristics 

of biomass char, Energy. 39 (2012) 187–195. doi:10.1016/j.energy.2012.01.031. 

[22] H. Yang, R. Yan, H. Chen, C. Zheng, D.H. Lee, D.T. Liang, In-Depth Investigation of 

Biomass Pyrolysis Based on Three Major Components:  Hemicellulose, Cellulose and 



 

 

 51 

Lignin, Energy & Fuels. 20 (2006) 388–393. doi:10.1021/ef0580117. 

[23] P.T. Williams, S. Besler, The Influence of Temperature and Heating Rate on the Slow 

Pyrolysis of Biomass, Renew. Energy. 7 (1996) 233–250. doi:10.1016/0960-

1481(96)00006-7. 

[24] V. Chiodo, G. Zafarana, S. Maisano, S. Freni, F. Urbani, Pyrolysis of different biomass: 

Direct comparison among Posidonia Oceanica, Lacustrine Alga and White-Pine, Fuel. 

164 (2016) 220–227. doi:10.1016/j.fuel.2015.09.093. 

[25] A. Li, H. Liu, H. Wang, H. Xu, L. Jin, J. Liu, Effects of Temperature and Heating Rate on 

the Characteristics of Molded Bio-char, BioResources. 11 (2016) 3259–3274. 

doi:10.15376/biores.11.2.3259-3274. 

[26] S. Wang, G. Dai, H. Yang, Z. Luo, Lignocellulosic biomass pyrolysis mechanism: A 

state-of-the-art review, Prog. Energy Combust. Sci. 62 (2017) 33–86. 

doi:10.1016/j.pecs.2017.05.004. 

[27] P.R. Solomon, M.A. Serio, E.M. Suuberg, Coal pyrolysis: Experiments, kinetic rates and 

mechanisms, Prog. Energy Combust. Sci. 18 (1992) 133–220. doi:10.1016/0360-

1285(92)90021-R. 

[28] V. Repellin, A. Govin, M. Rolland, R. Guyonnet, Energy requirement for fine grinding of 

torrefied wood, Biomass and Bioenergy. 34 (2010) 923–930. 

doi:10.1016/j.biombioe.2010.01.039. 

[29] P.A. Della Rocca, E.G. Cerrella, P.R. Bonelli, A.L. Cukierman, Pyrolysis of hardwoods 

residues: On kinetics and chars characterization, Biomass and Bioenergy. 16 (1999) 79–

88. doi:10.1016/S0961-9534(98)00067-1. 

[30] R. Pietrzak, Sawdust pellets from coniferous species as adsorbents for NO2removal, 

Bioresour. Technol. 101 (2010) 907–913. doi:10.1016/j.biortech.2009.09.017. 

[31] W.T. Tsai, S.C. Liu, Effect of temperature on thermochemical property and true density 

of torrefied coffee residue, J. Anal. Appl. Pyrolysis. 102 (2013) 47–52. 

doi:10.1016/j.jaap.2013.04.003. 

[32] T.J. Haas, M.R. Nimlos, B.S. Donohoe, Real-Time and Post-reaction Microscopic 

Structural Analysis of Biomass Undergoing Pyrolysis, Energy & Fuels. 23 (2009) 3810–

3817. doi:10.1021/ef900201b. 

[33] B. Chen, D. Zhou, L. ZHU, Transitional Adsorption and Partition of Nonpolar and Polar 

Aromatic Contaminants by Biochars of Pine Needles with Different Pyrolytic 

Temperatures, Environ. Sci. Technol. 42 (2008) 5137–5143. doi:10.1021/es8002684. 

[34] H. Lu, X. Guo, X. Gong, X. Cong, K. Liu, H. Qi, Experimental study on aerated discharge 



 

 

 52 

of pulverized coal, Chem. Eng. Sci. 71 (2012) 438–448. doi:10.1016/j.ces.2011.11.006. 

[35] Y. Liu, X. Guo, H. Lu, X. Gong, An investigation of the effect of particle size on the flow 

behavior of pulverized coal, Procedia Eng. 102 (2015) 698–713. 

doi:10.1016/j.proeng.2015.01.170. 

[36] A. Trubetskaya, P.A. Jensen, A.D. Jensen, A.D. Garcia Llamas, K. Umeki, D. Gardini, J. 

Kling, R.B. Bates, P. Glarborg, Effects of several types of biomass fuels on the yield, 

nanostructure and reactivity of soot from fast pyrolysis at high temperatures, Appl. 

Energy. 171 (2016) 468–482. doi:10.1016/j.apenergy.2016.02.127. 

[37] B. Volynets, F. Ein-Mozaffari, Y. Dahman, Biomass processing into ethanol: 

Pretreatment, enzymatic hydrolysis, fermentation, rheology, and mixing, Green Process. 

Synth. 6 (2017) 1–22. doi:10.1515/gps-2016-0017. 

[38] H. Suopajärvi, Bioreducer Use in Blast Furnace Ironmaking in Finland. Techno-

economic Assessment and CO2 Emission Reduction Potential, Oulu, 2014. 

http://cc.oulu.fi/~kamahei/z/tkt/Suopajarvi_vk.pdf. 

[39] O. Mattila, K. Keski--Ruismäki, T. Paananen, From Oil to Coal Injection – Experiences 

and First Development Steps, in: 2nd ISIJ-VDEh-Jernkontoret Jt. Symp., Stockholm, 

Sweden, 2017: pp. 166–177. 

 


