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ABSTRACT 

Höganäs AB produces sponge iron using a packed bed DRI process where coke and coal act 
as a reducing agent. This study summarizes the R&D efforts to replace fossil-based reducing 
agents with biomass-based “new black” (bio-coal). To build both practical and fundamental 
knowledge in evaluating the feasibility of fossil coal replacement with bio-coal, a holistic 
investigation of the entire bio-coal value chain have been carried out. It starts from the 
material performance needed for practical utilization of bio-coal in the existing DRI plant, on 
to assessing strategies for the conversion of biomass into bio-coal that give required qualities, 
and consequently to the evaluation of available biomass feedstock resources based on defined 
techno-economic criteria for bio-coal production and use.  
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INTRODUCTION 

Steel industry contribute ca.7% of the global greenhouse gas (GHG) emission, which is 
around 2.8 billion tons [1]. Various industrial initiatives around the globe are trying to find a 
way to break away from the industry’s dependence to fossil-based fuels and raw materials, 
namely coal. One example is the use of H2 as reducing agent, e.g., H2-based direct reduced 
iron (DRI) and H2 injection in blast furnaces [2]. Another example is the use of biomass-
based fuels and reducing agents. Mandova et al. showed [3] that 42% of GHG emission from 
fossil fuels and reducing agents used in steel plants within EU can be reduced by replacing 
with biomass-based fuels and reducing agents. Among biomass-based raw materials, bio-coal 
is the most promising candidate to replace fossil coal in steelmaking. Norgate et al. [4] 
showed that 57% of on-site carbon footprint of integrated steel plants can be reduced by 
substituting fossil coal with bio-coal. Besides the primary advantage to lower GHG emission, 
bio-coal produced from stem wood assortments also contain lower ash, sulfur, and phosporus 
compared with pulverized coal, which would reduce slag ratio up to 50% in the process [5]. 
Nevertheless, the lack of mechanical strength in bio-coal limits its application to replace top-
feed coke in large-capacity blast furnaces [6]. Consequently, it has been concluded by 
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Suopajärvi et al. [7] that bio-coal injection to the blast furnaces through tuyere is the largest 
potential to replace fossil coal. 
 
Höganäs AB produces sponge iron for a niche metal powder market using a packed bed DRI 
process where coke and coal act as a reducing agent (the so-called Höganäs process) [8]. In 
the Höganäs process, reduction of iron progresses in a packed bed of solid reducing agent and 
iron ore without intermixing with each other. The replacement of solid reducing agent with 
other forms (i.e., gas and/or liquid) would demand an overhaul of this established industrial 
process and the development efforts may become too costly. Therefore, one of the most 
promising ways to reduce GHG emissions from this process is to replace fossil-based 
reducing agents with bio-coal. During the Höganas process, sponge iron can be obtained from 
series of chemical reactions:  

 C(s) + CO2(g)  2CO(g) (1) 

 Fe3O4(s) + CO(g)  3FeO(s) + CO2(g)   (2) 

 FeO(s) + CO(g)  Fe(s) + CO2(g) (3) 

 
This paper summarizes the effort to build both practical and fundamental knowledge in 
evaluating the feasibility of fossil coal replacement with bio-coal. First, several bio-coal 
samples, produced from various raw materials in several industrial pyrolysis reactors, were 
evaluated to assess the consequence of their use in the Höganäs process. Furthermore, the in-
process behavior of the ash forming matter in bio-coal was evaluated by thermochemical 
equilibrium calculation. Then, a series of laboratory-scale experiments was carried out to find 
an optimal way to produce bio-coal with desired properties at high conversion yields. Finally, 
the availability of promising suitable biomasses was screened, with focus on forest residues. 

EVALUATION OF BIOCOAL CHARACTERISTICS 

In this section, physical and chemical properties of several bio-coal samples from industrial 
pyrolysis reactors were analysed and compared with typical coal samples used in the steel 
industry.  

Bio-coal Samples 

Four bio-coal samples were collected from several industrial-scale pyrolysis plants. Bio-coal 
A represents bio-coal from fast pyrolysis. Bio-coal B is from a modern converter-type 
pyrolysis reactor at intermediate heating rate. Bio-coal C is from a conventional slow 
pyrolysis process. Bio-coal D is from an innovative two-step pyrolysis process. Some bio-
coals were also densified by an extrusion process currently under development. 
 
Bio-coal A is a bottom-ash residue from a cyclone-type biomass gasifier [9], operated with 
spruce powder. The temperature inside the reactor had a variation from 700 °C at the bottom 
to 1200 °C near the fuel injection point. Due to a short particle residence time of ca. 10 s, 
bottom-ash residues contain relatively high carbon content. An estimated heating rate of the 
biomass powder during pyrolysis is in the order of 103–104 °C/s Bio-coal B was obtained 
from an indirectly-heated auger type pyrolysis reactor, where birch chips (10-30 mm in size) 
were pyrolyzed at maximum temperature of 600 °C. The reactor is non-isothermal and it had 
a temperature profile similar to a counter-current heat exchanger. The residence time of the 
particles was ca. 60 minutes, and the estimated heating rate 10–20 °C/min. Bio-coal C is a 
commercial charcoal produced for barbeque purposes. There is no information available for 
the production conditions. However, typical conditions for industrial production of charcoal is 
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each particle even after the densification. There was relatively smaller difference in skeleton 
density, albeit there seem to be a weak correlation with pyrolysis temperature. It is reasonable 
as high pyrolysis temperature results in the orderly aligned carbon structure (so-called 
annealing) [12]. 
 

 
Figure 1.  Comparisons of the densities 

 
The Boudouard reaction, reaction (1), is a critical reaction for the iron ore reduction as it 
provides the reducing gas, CO. Therefore, the reactivity of bio-coal is one of the most 
important properties. Figure 2 shows the comparison of the reactivity in the form of Arrhenius 
plot. The results show that the reactivity of bio-coal slightly differs from each other. Bio-coal 
that has been pyrolyzed at lower temperature and shorter residence time had relatively high 
reactivity. However, the difference is notably smaller than the comparison with fossil-coal. 
Hence, it would be a major challenge to control the reaction rate of the Boudouard reaction 
when replacing fossil material with bio-coal. Together with the density of bio-coal, this result 
highlights the challenges in replacing fossil-coal with bio-coal. 
 

 
Figure 2. Comparisons of the reactivity of charcoal 

 



 

5 
 

BEHAVIOR OF ASH FORMING ELEMENTS IN THE DRI PROCESS 

The amount and composition of the ash forming matter in the reducing agents play a significant 
role in the iron ore reducing process. The ash content and presence of critical inorganic elements 
such as K and P can strongly affect the melting behavior and ash-iron interactions, i.e., the purity 
of produced metallic iron. As bio-coal potentially has high K and P contents, investigating the 
behavior of inorganic elements in reduction mixture and possible interaction between ash matters 
and iron/iron ore are of immense importance. This section describes ash criteria for replacing 
fossil-based reducing agent through thermodynamic equilibrium calculations (TECs).  

Methods 

Thermodynamic Equilibrium Calculations (TECS) were used to predict the behavior of inorganic 
elements in the reduction mixture (melt formation, chemical composition and viscosity of melt, 
condensed phases, release of alkali). TECS were also applied to predict the interaction between 
the ash from bio-coal and iron/iron ore. TECs were performed using the Equilib module of 
FactSage 8. The databases used were a combination of FactPS (for gas and stoichiometric 
solids) and FToxid together with FTsalt databases. Viscosity of melt was calculated by 
viscosity module in FactSage 8. It should be pointed out that this module does not consider 
the effect of P on the viscosity value. 
 
The following raw biomass were selected to represent a wide range of bio-coal with various 
fuel ash composition; 1) stemwood rich in Ca-K-Si, 2) softwood bark rich in Ca-K, 3) tops 
and branches from softwood, i.e., forest residues, rich in Ca-Si-K, and 4) wheat straw rich in 
Si-K. To estimate elemental analysis of bio-coal from typical elemental compositions of raw 
biomass [13], the following assumptions were considered [7,14–16]: 1) the yield of bio-coal 
after pyrolysis is 35%, 2) 90% of Cl and S are released from the raw biomass, 3) 5% of K, Na, 
and P are released from the raw biomass, and 4) no release of refractory elements, i.e., Ca, Si, 
Mg, Al and Fe from the raw biomass. 
 
TEC was carried out at 1000 and 1200 °C. The following five reduction mixtures were 
investigated: (1) fossil-based reference reduction mixture, (2) bio-coal from stemwood, (3) bio-
coal from bark, (4) bio-coal from forest residues (tops and branches), and (5) bio-coal from 
wheat straw. All the reduction mixtures are mixed with lime. 

Results and Discussion 

Alkali release.  Figure 3 shows the predicted release of alkali to the gas phase from each 
reduction mixture at 1200 °C and 1000 °C. Compared to fossil coal, bio-coal usually 
contained very low amount of Na compared to K, therefore in Figure 3 the main release of 
alkali (g) is related to release of mainly elemental K and to some extend K compounds or to 
the gas phase. Regardless of type of reducing agents, at higher temperature, higher alkali 
release was predicted. The highest release of K was predicted for wheat straw-based reduction 
mixtures since the concentration of K is very high in the bio-coal. Reduction mixtures 
containing char from bark and forest residues showed higher release of K than fossil-based 
reduction reference mixtures where Si content was high and K captured by silicate phases or 
silicate melt. 
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Figure 3.  Predicted K+Na release (gas phase) from the sagger at (a) 1200 °C, (b) 1000 °C. 

 
Condensed phases.  Results from TECs showed that ashes from fossil-based reduction mixtures 
and wheat straw-based reduction mixture were dominated by silicate phases due to the high Si 
content. Oxides dominated ashes from stemwood, bark and forest residue-based reduction 
mixtures, mainly CaO due to the higher Ca concentrations. Figures 4 and 5 show the predicted 
amount of melt in one sagger and viscosity of the melt, respectively. The lowest amount of melt 
at 1000 °C and the highest amount of melt at 1200 °C were predicted for fossil-based reduction 
mixtures. At 1200 °C, viscosity of predicted melt for fossil-based reduction mixtures is 
approximately five times higher than bio-coal based reduction mixtures. This is due to the higher 
content of Si and Al and lower content of K. Reduction mixtures based on forest and agricultural 
residues (i.e., bark, forest residues, and wheat straw) showed higher amounts of melt at 1000 °C 
but lower at 1200 °C, compared to the fossil-based reduction mixture references. Bio-coal forms 
a substantial amount of low-viscosity melt for a wide range of temperatures. Hence, risks related 
to melt flows should be assessed upon 100% replacement of reduction mixture with bio-coal. 
 

 
Figure 4 Predicted melt formation (a) 1200 °C, (b) 1000 °C.  

 
Figure 5.  Viscosity of the melt predicted to form (a) 1200 °C, (b) 1000 °C.  
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BIO-COAL PRODUCTION METHODS 

The previous sections showed some critical differences in bio-coal as a substitute of fossil coal, 
namely, density, reactivity, and ash chemistry. In order to improve the properties of bio-coal, 
laboratory experiments were carried out to improve bio-coal production methods with ash 
leaching. 

Methods 

Three different types of biomass were used, namely pine bark, pine forest residue, and corncob. 
They are abundant forest by-products and agricultural wastes in many countries with high 
content of Ca, K, and Si. Sample size was above 4 mm and the sample was dried at 105 °C prior 
to the pyrolysis experiments. A part of sample was leached by acetic acid to reduce inorganic 
content. 
 
Bio-coal samples were produced by using an externally heated cylindrical reactor. A wire 
mesh basket was used to hold the sample. The reactor was purged with N2, supplied from the 
bottom of the reactor. After preheating the reactor to 700 °C, ca. 5-10 g of biomass was 
introduced to the reactor. The biomass was pyrolyzed for 5 minutes to complete the reactions 
while reducing the effects of thermal annealing. The bio-coal was then cooled down under 
inert atmosphere. 

Results and Discussion 

Ash content.  Alkali metals, especially K, are prone to be released into gas phase during the 
DRI process as previously shown in Figure 3. In addition, Ca and K are known to have 
catalytic activities for the Boudouard reactions. Figure 6 shows the contents of these ash 
forming elements in both biomass and bio-coal samples. Acid leaching showed a significant 
effect to reduce K content in biomass while the effects on Ca content remained relatively 
moderate. Meanwhile, both Ca and K contents increased significantly upon pyrolysis as seen 
from high values of bio-coals. The results agreed with the previous work from Hedayati et al. 
[15] that showed that more than 85% of K and P remained in bio-coal. As the bio-coal yields 
from pyrolysis were between 15-30%, the relative concentration increased significantly. 
Hence, there is a need to leach ash forming elements from ash-rich biomass if the pyrolysis 
temperature is relatively low (500-900 °C). 
 

 
Figure 6.  Ash contents of raw biomass and bio-coal produced at 700 °C in N2; (a) Ca (b) K. 

 
Reactivity of bio-coal.  As previously shown in Figure 2, the reactivity of bio-coal is much higher 
than that of coal while the difference among bio-coals (from stemwood and bark) was shown to 
be relatively small. However, the reactivity can vary significantly among bio-coals from ash-rich 
biomasses due to the catalytic activity of alkali metals [17]. The change in ash contents upon acid 
leaching inevitably affects the reactivity of bio-coal as well. Figure 7 shows the reactivity of bio-
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through a tax or emission allowances) is thus required. In absolute terms, the cost of wood 
chips for the user ranges from ca 18 to 20 EUR/MWh [25] when sourced from forest. The 
cost can be lower for industrial by-products and higher for new assortments (such as 
brushwood or logging residues from thinning operations), due to the need for technology 
development.  

CONCLUSION 

This study highlights the key technical and economic issues to replace fossil-based reducing 
agents with bio-coal as summarized below. 

- Bio-coal and fossil coal have similar true densities, but the particle and bulk densities of 
bio-coal are significantly lower than fossil coal. The development of effective 
densification is a key development area. 

- Intrinsic reactivity of bio-coal produced from different reactors (and reaction conditions) 
is relatively similar to each other. However, the intrinsic reactivity is significantly higher 
than that of fossil coal, and the difference needs to be mitigated by increased mass 
diffusion resistance. 

- Thermodynamic equilibrium calculation predicted that forest-based bio-coal reduction 
mixtures have much lower melt formation with lower viscosity than coal-based reduction 
mixture at 1200 °C. Higher release of alkali was also predicted both at 1000 °C and 1200 
°C.  

- For the reduction mixture with bio-coal from wheat straw, considerable amount of melt, 
which was in the same range as the reference mixture, was predicted, but with lower 
viscosity at 1200 °C. Higher release of alkali was also predicted at 1000 °C and 1200 °C. 

- Acid leaching resulted in profound reduction of K content in both biomass and bio-coal 
while the majority of Ca remained after leaching. Virtually, there was no release of ash 
forming element during pyrolysis, which resulted in significantly higher ash content. 

- Reactivity of bio-coal decreased significantly by acid leaching. The difference in the 
reactivity of bio-coal between the different raw biomass types seems to be related to the 
K content before leaching. However, this is not the case after acid leaching. 

- From a market point of view, flexibility in feedstock sourcing (both regarding quality 
and geographic origin) and suitable supply chain options will be important in order to 
be able to use residual biomasses as bio-coal feedstock. 

- Incentives (e.g. policies) needed to mobilise necessary biomass resources, in particular 
for biomass sources that require both new technical and new market structures. 
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