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Executive Summary 
In this report, wood-based biomass has mainly been considered since the potential production and 
availability is large. Other biomass sources such as biomass from agriculture, waste and peat have 
also been evaluated. The estimation of annual biomass supply potential in Sweden is 150-155 TWh in 
the coming 10-20 years. Compared to 121 TWh year 2007, the increase of biomass supply is mainly 
from wood fuel and black liquor. The increase in biomass supply is largely consumed by the industry 
sector in order to replace fossil fuels, but mainly forest industry. The need for increased biomass 
supply to the Swedish steel industry could be compensated for by remaining forest residue such as 
stump, which is reported to have a market potential of 20 TWh. 

The total Swedish hot metal production from BF-BOF process in 2008 was 3.56 million ton of hot 
metal (tHM) with consumption of 1230 kton coke and 457 kton PC coal. It is equivalent to 14.8 TWh 
of energy, which means the available biomass in Sweden on a significant level can replace coke and 
coal. The biofuels can be introduced in the blast furnace through three routes; 1) Solid biofuels as 
partial replacement for top coke, 2) Blending of biomass during coke making to produce bio-coke, 3) 
Use of biofuels as partial or complete replacement for pulverized coal through injection. Raw 
biomass cannot be used directly in any of the routes due to high moisture and volatile content as 
well as low energy density. Several biomass upgrading technologies and relevant bio fuel products 
are further investigated in this report.  

Available Swedish biomass upgrading technologies for solid biofuel includes pelletization, pyrolysis 
(or carbonization), torrefaction, steam explosion, hydrothermal carbonization and LignoBoost. 
Commercialized technologies are only pelletization and pyrolysis. Torrefaction, steam explosion and 
LignoBoost all have pilot plants and have potential for large-scale industrialization. Due to the 
requirement of high carbon content, charcoal from carbonization is of the most interesting material 
for bio-blast furnaces. Though charcoal cannot fully replace top coke since its low strength cannot 
provide permeability in furnace, it is possible to utilize small amounts of charcoal in top charge and 
fully replace pulverized coal.  

The 457 kton PC coal (or 4 TWh) has been considered possible to replace in this report, which 
requires 4 TWh of charcoal (456 kton). 4 TWh charcoal, assuming an energy output yield of 56%, will 
require 7.14 TWh of raw biomass, which is considered available from an expanding market as 
forecasted by the Swedish Energy Agency. This is if conditions remain unchanged in the furnace, 
which must be verified by further modeling, experiments as well as industrial trials. Within the 
project scope, the potential replacement amount of PC coal by biomass products, via tuyere 
injection, will be covered and further investigated in other Work Packages. 

Additionally, literature indicates that top coke could be partially replaced, even considering the type 
of blast furnaces operating in Sweden. However, this must be addressed by a future projects as more 
fundamental mechanisms of the blast furnace might be affected. 
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Two available biomass-upgrading technologies for gaseous biofuels are reviewed in this report: 
gasification and anaerobic digestion. The possibility of using gaseous biofuels in blast furnaces is to 
substitute natural gas, in other words, further upgrading generated raw gas in order to obtain 
biosynthetic natural gas (SNG) or biomethane, which contains high methane content. At present 
Sweden has already commercialized anaerobic digestion, while gasification plants for SNG are still in 
the demonstration phase. The gas biofuel use in blast furnaces may lead to a high investment costs 
for the steel industry, which is typically required for e.g. gasification installations. 

Upgrading technology, fast pyrolysis, for liquid biofuel has also been analyzed in the current work. 
Fast pyrolysis is still on the stage of demonstration. It is potentially more profitable to substitute 
diesel and petroleum in future market. An alternative is to use the char byproduct from fast pyrolysis 
to substitute coal and coke. 
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Introduction  
Background 

Under the Kyoto Protocol agreement, Sweden is taking a leading role on fulfilling the commitment of 
decreasing CO2 emissions in the European Union (EU). The Swedish government states, in the climate 
and energy policy, that the long-term goal is to achieve 40% reduction in GHG emission by 2020 
compared to the level in 1990 and no net emissions of GHG to the atmosphere by 2050 [1]. The 
action is not only owing to the long-time high energy-efficiency policy, but also to the plan of 
increased use of renewable energy. The proportion of renewable sources in Sweden should reach 
50% of the country’s total energy use, 2020 [1]. As the second largest industrial energy user in 
Sweden (the first is pulp and paper industry), iron and steelmaking industry consumes large amounts 
of fossil fuel such as coal and coke as well as oil-based products, which contributes to significant GHG 
emissions. According to statistics from 2008, 33% of the total industrial GHG emission, which 
corresponds to 6.6 million tones, is produced by iron and steel industry in Sweden [2]. The main 
emissions are from the blast furnace based steelmaking, which produces iron from iron ore. The 
processing furtheron, called secondary steelmaking, has much less global warming contribution. 
Scrap based steelmaking with recycled steel as raw material, consumes only 5% of total energy 
compared to blast furnace based production. Concerning CO2 mitigation, blast furnace based 
steelmaking, especially the reduction of iron oxide should be the primary target. 

The Ultra-low CO2 steelmaking (ULCOS) is a program conducted by a consortium of 48 European 
companies and organizations from 15 European countries. The program sets its objective to reach at 
least 50% CO2 reduction compared to current best production routes. Use of biomass is one of the 
low-carbon technologies to reach the ULCOS target [3]. Biomass as a renewable energy source has 
many attractive aspects in relation to fulfilling sustainable development for both companies and 
policy makers. 

In addition to the concerns of global warming, rising coal prices also promote the development of 
renewable energy sources in industry. Because of abundant available forest biomass in Sweden, it is 
logical to utilize the natural resource and to apply it in industrial processes.   

Aim  

The aim of this report is to investigate biomass availability and upgrading technologies for using 
biomass in the blast furnace, under Swedish conditions. This report constitutes a preliminary study 
carried out by KTH as WP1. The other WPs in this project are: 

• WP1 Evaluation the biomass availability and biomass upgrading technologies for the blast 
furnace 

• WP2 Identification of key parameters to use biomass as alternative fuel in BF 
• WP3 Modelling of biomass utilization and its effects on BF operation 
• WP4 Concept development and system analysis  
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• WP5 Reporting and coordination 

Work in the associated project is carried out by the following partners: Swerea MEFOS, KTH, 
Sveaskog, SCA. An industrial reference group includes LKAB and SSAB EMEA, Sveaskog and SCA. All 
organizations contributed to the work presented in this report.  

The project is funded by Energimydigheten, contract number 35819-1.  

Method   

The work is mainly conducted by following methods. 

• Literature review and interviews 
• Questionnaire 
• Company visits 
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Chapter 1 Biomass availability  
Biomass resources are readily available in urban and rural areas all over the world. During last 
decade, Swedish energy-policy has aimed at minimizing the greenhouse gas (GHG) emissions by using 
renewable energy. The Swedish population density is low and country has large forests from which 
significant amounts of bioenergy can be extracted. This chapter provides useful information about 
the biomass resources of Sweden and their consumption in different industries. This information 
helps to estimate the amount of resources that are available for use in blast furnaces, which is the 
production step whereby the iron ore is reduced into crude iron. 

1.1 Biomass supply potential in Sweden 
According to statistics, biofuels was the third largest energy source in Sweden, after oil products and 
nuclear power. In 2010, biofuels supplied 128 TWh (including peat) compared to 603 TWh for the 
whole country, which corresponds to 21% of the total energy [4]. Biofuel uses animal and plant 
based materials as raw material, so the burning of biofuel itself does not contribute to CO2 emission 
and global warming, which is considered as ‘’carbon neutral’’. Moreover, the price of fossil fuels is 
constantly rising. Once biofuel conversion technologies are widely applied, the biofuels will be 
hopefully be available at a cheap and constant price. Biofuels as a renewable energy benefits from 
both environmental and economic aspects. Considering the above, biofuels are a promising 
alternative for a large portion of the traditional fossil fuel we use today. 

Biofuels can be derived from variety of biomass sources, these have been divided into the following 
categories: 

• Forestry and forest industry 
• Agriculture 
• Municipal solid waste 
• Peat 

Biomass from forestry and forest industry 

The total land area in Sweden is around 40.8 million hectares, out of which the productive forestland 
is 22.5 million hectares. It is equivalent to 2.9 billion m3 and largely consists of three species: 39% 
Scots pine, 42% Norway spruce and 12% birch, shown in Figure 1.1.1 [5]. According to the statistics 
by Swedish National Forest Inventory, annual logging in the entire country during 2010 was 942,000 
hectares [6]. 

A tree consists of stem, stump and branches. Stem wood consists 60-70% of the total tree biomass 
varied by the tree species. The remained 30-40% is slash and stump, shown in Figure 1.1.1. Stem 
wood either is harvested as saw log and pulpwood for forest industry to manufacture forest-based 
products or is consumed as fuel wood for energy purpose for example residential heating. Slash is 
the logging residues e.g. top and branches from felling and thinning processes, which is also, called 
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Grot in Swedish (Grenar och Toppar). Byproducts are produced by forest industries. Forest industries 
such as sawmills, paper- and pulp industry generates large amounts of byproducts: wood chip, 
sawdust and bark. These three byproducts can be used for energy purposes internally on the site as 
well as in district heating plants or combined heat and power (CHP) plants. In addition, woodchips 
and sawdust can be also used as raw material in pulp and board industry. Byproducts from paper and 
pulp industry are mainly black liquor, which is extracted from pulp processing and is possible to use 
as an internal fuel to provide heat and electricity for paper and pulp industry. Additionally, there is 
also a small amount of biomass from recycled wood, which can further be divided into waste 
packaging wood and waste construction wood. 

 
                                     Figure 1.1. 1 Biomass from forestry and forest industry for energy proposes 

 
Biomass from agriculture 

Today, agriculture biomass contributes with 1.5 TWh of biofuels. This corresponds to harvesting less 
than 3 percent of the agricultural land in Sweden, about 70 000 hectares [7]. 
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Figure 1.1.2 Biomass from agriculture as energy purposes 

Biomass supply from agriculture mainly consists of salix and straw, shown in Figure 1.1.2. Salix 
(willow) is a common energy crop in Sweden. The plantation amount of salix today is around 11,000 
hectares, equivalent to 1.5 PJ (0.42 TWh) per year. This value is far below the estimations from 
previous years due to the market potential of non-existing short rotation energy crops, which is 
highly depending on agriculture policies and energy crops price. On the other hand, the annual 
market potential from crops residue for energy purposes is about 25 PJ (6.94 TWh) other than 
theoretical potential 100 PJ (27.78 TWh). The reduction results from both technical and ecological 
limitations, as well as the part of straw use for animal breeding [8]. 

Biomass from municipal solid waste and peat 
 

 
 

Figure 1.1.3 Biomass from MSW and peat as energy purposes 

Municipal solid waste (kommunalt avfall), is another common biomass source generated through 
daily life, shown in Figure 1.1.3. Nowadays waste accounts to 20% of district heat production in 
Sweden [9]. Waste can also be converted into either biogas or biofuels. 

Peat is a type of biomass, which is usually formed in lakes and wetlands where dead plants 
decompose under humid conditions in absence of oxygen, shown in Figure 1.1.3. Today the 
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extraction of peat is not only for energy purposes but also as a soil improvement material. Peat is not 
renewable in the short term, as such the biofuel statistics in Sweden does not include peat; however, 
it has been included in this report.  

Biomass supply potential in Sweden 

According to the long-term forecast made by the Swedish Energy Agency (Långsiktsprognos 2012), 
there is a growing potential supply of biomass in Sweden. The report indicates how future biofuel 
supply will develop and is of importance when considering future climate policies, electricity taxes, 
carbon dioxide taxes and energy taxes on fossil fuels. The prediction was made for 2020 and 2030, 
and was compared to 2007 [10], and has been listed in Table 1.1.  

Table 1.1.1 Biomass supply from different source categories, TWh [10] 

Biomass Biomass supply by year 
 2007  2020 2030 
Total 121 150 155 

- Waste 15 20 22 
- Peat 3.5 4.6 5.1 

 

The increase of the total biofuels supply between 2007 and 2030 amounts to 34 TWh, of which over 
22 TWh consist of wood fuel and black liquor, 7 TWh of combustible waste and 1.6 TWh of peat [10].  

1.2 Biomass use for energy purpose in Sweden 
 
Biofuels today in Sweden are mainly distributed in following sectors: forest industry, district heating 
plants, electricity generation, residential heating and transportation. In year 2010, the total biofuel 
consumption in Sweden was 120 TWh. The forest industry consumed 55 TWh of biofuel such as black 
liquor and byproducts. District heating has used 30 TWh biofuels, which is generated from wood 
fuels, solid waste, and peat. Electricity generation and residential heating both uses 15 TWh of 
biofuel. Besides, renewable fuel for transportation purposes is summed up to 5 TWh, for example, 
ethanol, biogas etc. The distribution of biofuel by sectors can be illustrated as Figure 1.2.1. 
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Figure 1.2.1 Biofuel use by sectors in Sweden in 2010 [4] 

Figure 1.2.2 presents the consumption of biofuel by different industries on annual basis and it 
indicates the increasing trend for all the five sectors. The use of biomass for district heating has 
increased dramatically since the introduction of carbon dioxide tax in 1990. The expansion of 
electrical energy sector consists of bio power for district heating plants and industry. Consumption of 
biofuels in housing and other sectors includes burning wood in houses as well as the increased use of 
pellets and the conversion boilers in buildings. The industrial sector has been the largest consumer 
during the 20 years, in which more than 90% is consumed by the forest industry to reduce energy 
cost and replace fossil fuel. The need of bioenergy in current transportation fuel market is shown as 
an increasing trend in Figure 1.2.2. 

 

Figure 1.2.2 Biofuel distribution by sectors during 1990-2010 [4] 
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The prediction of bioenergy use in the report Långsiktsprognos 2012 [10] between 2007 and 2030 is 
listed in Table 1.2.1. The residential and service sector also includes commercial (excluding industrial 
premises) and agricultural activities. As seen in Table 1.2.1 the increase in biomass use, by absolute 
numbers, is largest in the industry sector. 

Table 1.2.1 Biomass use in different sections in Sweden, TWh [10] 

Sector Biomass use by year, TWh 
 2007 2020 2030 

Industry 55.1 64.3 69 
Transportation 3.5 6.2 6.4 
Residential and service etc. 13.9 16.4 15.4 
Electricity generation 12 19.5 20.5 
Heating 36.5 44 43.7 
Total 121 150.4 155 
 

1.3 Increased biofuel use in iron and steel industry 
Recently biofuel has gained more and more attention as a renewable energy source by industry. The 
iron and steel industry is one of the most energy intensive industries in Sweden. The primary 
steelmaking process contributes a lot to GHG emission due to the use of coke and coal. The 
introduction of biofuel cannot only contribute to reduce global warming issue but also reduce the 
dependence of conventional fuel when facing energy shortage and high fossil fuel cost. 

SSAB is the largest steel producer with BF-BOF process route in Sweden and it owns all the three 
blast furnaces in Sweden. The production of SSAB in Sweden in 2008 was 3.56 million ton hot metal 
(tHM) with consumption of 1230 kton of coke and 457 kton PC coal [11]. In a previous report, an 
evaluation was done regarding the increase of biofuel use in SSAB, Luleå. A full replacement of PCI by 
charcoal requires dry wood around 7.5 TWh/year [12]. However, this is only for replacement of PCI 
with charcoal in SSAB, Luleå and there are plans for other replacements too. Biomass demand for 
replacement of fossil fuel in Swedish steel industry is estimated to more than 10 TWh every year. 

As indicated in Table 1.1.1 and 1.2.1, annual supply potential of biomass in Sweden, is around 150-
155 TWh in the coming 10-20 years, and the largest increase in consumption will be in industry. The 
increased use of biofuels after 2007, which amounts to 9-11 TWh, will be used to replace fossil fuels 
in industries such as pulp and paper industry, iron and steel industry, chemical industry, mining 
industry etc. However, the main part of that increased use will occur in the forest industry [10].  

This indicates that the increased use of biomass in steel industry must rely on developments in the 
biomass market. Growth rate of the current biomass market in Sweden is around 14 PJ (3.8 TWh) per 
year as a result of the developing forestry and bioenergy industry [8]. Current wood raw material 
market is mostly byproducts (bark, chips and sawdust) from forest industry and is already fully 
occupied by paper and pulp industry.  
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From a sustainability perspective, it is not reasonable to heavily increase harvest levels, which might 
surpass the actual growth rate. Within a short term (< 30 years), supply inefficiencies of the 
bioenergy market will possibly be minimized by increasing harvest efficiency, including more tops, 
branches and stumps. The reported theoretical supply potential from stump is nearly 66 TWh (240 PJ) 
[8]. The market potential however, is estimated to 30% of theoretical potential, which amounts to 20 
TWh [8]. This is due to the limitations of social, ecological and economic factors.  

1.4 Chapter summary 
Biomass annual supply potential has been estimated to 150-155 TWh in the coming 10-20 years, 
which includes biomass sources from forestry and forest industry, agriculture, waste and peat. The 
increasing biomass supply is mainly from wood fuel and black liquor. Compared to 121 TWh in year 
2007, the increase biomass supply is most consumed by industry sector in order to replace fossil 
fuels, but mainly forest industry. Since iron and steel industry is pushing its limits to reduce GHG 
emission, future’s increase biomass need in Swedish steel industry (more than 10 TWh) could be 
compensated by remained forest sources such as stump, which is reported to have a market 
potential of 20 TWh. 
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Chapter 2 Biomass utilization in blast furnace 
Biomass availability for blast furnace in Sweden has been indicated in Chapter 1. In this chapter, the 
concept of bio-blast furnace is presented. The possible ways to introduce biomass into blast furnace 
in order to replace fossil fuel as well as the pros and cons of using biomass as substitutes of either 
coke or coal is discussed.  

2.1 The role of coke and coal in blast furnace 
Blast furnace (BF) is commonly used in iron and steelmaking process in order to convert iron oxides 
to high carbon content hot metal. The blast furnace consists of the hearth, bosh, shaft/stack and 
tuyeres. 

Coke is a carbonized coal product from coke making process in coking plants. Coke is charged 
together with iron ore and flux at the top of BF and it has three functions. The main function is to act 
as a reducing agent to generate CO gas to reduce iron oxides. As a fuel, coke provides heat for 
endothermic reactions and the melting of metal. In addition, coke acts as a permeable support for 
burden and gases to pass through [13]. 

Pulverized coal is commonly used in modern BF. Fine coal particles are injected through the blast 
furnace tuyeres and provide supplement carbon source, which improves productivity and lower coke 
production. With an injection rate of 170-200 kg/tHM, coke consumption can be minimized to 286-
320 kg/tHM [14]. Though pulverized coal injection (PCI) requires extra costs, like additional oxygen 
supply and coal grinding, it still achieves the reduction of overall production cost. Nowadays, oil, 
natural gas and plastics are also being injected through tuyeres to co-fire with coke in order to 
reduce coke rate.  

2.2 Bio-blast furnace  
Biomass based material has potential to replace fossil fuel in blast furnace in order to acquire 
sustainable development in steelmaking industry. Biomass can be introduced in blast furnace in 
integrate steelmaking through the following three main routes [15] shown in Figure 2.2.1: 

1. Biofuel partially replacing top coke  
2. Blending biomass during coke making to produce bio-coke 
3. Biofuel fully or partially replacing pulverized coal through injection 
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Figure 2.2.1 Routes of introducing biomass to the blast furnace 

Top charging is one of the possibilities to introduce solid biomass in blast furnace. Due to required 
permeability of the solid burden-material at the top, coke can only be partly replaced by other fuel 
sources. Other than direct replacement, it has been also proposed to blend biomass-based material 
into coke making process to produce bio-coke in order to achieve indirect substitution of coke.  

The other possible solution would be injecting biomass as co-fire fuel via tuyeres, in other words 
replacing pulverized coal with biomass. Since pulverized coal does not have to perform a lot function, 
for instance, it does not need much strength to support the burden, it is possible to achieve full 
substitution by utilizing coal-like biofuels such as charcoal in a blast furnace. In addition, biofuels in 
liquid and gas form can also be injected into the blast furnace through tuyeres. 

2.3 The replacement of fossil fuel by biofuel in blast furnace 
Biomass has been applied as renewable alternative fuel in industry to mitigate CO2 emission. It is 
possible to decrease the dependence of traditional fossil fuel, whose resources are decreasing on 
daily basis. SSAB is the largest steel producer with integrate steelmaking routes in Sweden. There are 
only three blast furnaces existing in Sweden today and all owned by SSAB. The total hot metal 
capacity of SSAB (Sweden) is 4 million ton. If biomass can be used in blast furnace, it may help to 
reduce dependence of fossil coke and coal. 

A good furnace performance is influenced by coke’s physical and chemical properties. Physical 
properties are evaluated through coke strength, including the stability behavior both inside and 
outside the furnace. Important chemical properties of coke are fixed carbon, moisture content, 
sulfur, phosphorus and alkali metals. Typical chemical properties of European blast furnace coke 
have been summarized as Table 2.3.1. High carbon content and low moisture in coke contributes to a 
higher thermal energy. The impurities such as ash, volatile matter, sulfur, phosphorous and alkali 
content will affect coke’s functions, sometimes may even cause operational problems. These 
impurities present in coke should be minimized as low as possible. 
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Table 2.3.1 Typical chemical properties of blast furnace coke [13] 

Chemical properties Unit European range 
Moisture wt% 1-6 
Volatile matter wt% db <1.0 
Ash wt% db 8-12 
Sulphur wt% db 0.5-0.9 
Phosphorous wt% db 0.02-0.06 
Alkali metals wt% db <0.3 
db Dry basis 

2.4 Biomass upgrading technologies 
The evaluation of biomass-based fuel in blast furnace should also take into account following 
aspects: 

• Calorific value: It should be a suitable energy carrier in furnace, in other words, if the heating 
value is small, more biomass material will be required. 

• The reactivity of carbon: it has effects on the chemical reactions, which determines the gas 
formation. 

• Ash content and composition: This could be an influential factor for slag phase behavior.  
• Elemental impurities: The elements such as phosphor, sulfur, chlorine etc. should be within 

range in order to meet the hot metal demand quality. 

Raw biomass usually contains much higher moisture in the material. As illustrated in Table 2.4.1, the 
moisture content of raw biomass source is above 30%, which is far more than coke’s maximum 
moisture content 6% stated in Table 2.3.1. This consequently influences the fuel quality, which is 
reflected by calorific value. Normally the heating value of coal is around 30 MJ/kg, but raw biomass 
sources listed in Table 2.4.1 are all quite low in heating value. It means in order to provide same 
amount of heat, it requires to feed large amount of raw biomass. It may also lead to a storage 
difficulty and higher transportation cost.  

Nowadays there are number of upgrading technologies available to utilize varieties of biomass types 
for bioenergy. Raw biomass is converted to biofuel by thermal, chemical, physical or biological 
treatment, pyrolysis oil as an example, is upgraded through thermal conversion. Biomass material 
can be converted into biofuels in different forms to improve the fuel quality. In this report, biomass 
upgrading technologies are described according to the categories of solid, gas and liquid form. Some 
of them may contain more than one available technology. Figure 2.4.1 gives an overview of available 
biomass upgrading technologies which are discussed in this report. Upgrading technologies for solid 
biofuel are: pelletization, pyrolysis, torrefaction, steam explosion, hydrothermal carbonization and 
Lignoboost. Upgrading technologies for gas-form biofuel are gasification and anaerobic digestion. 
Liquid form biofuel is only discussed about fast pyrolysis treatment. 
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Table 2.4.1 Analysis of raw biomass in Sweden  

Parameter, unit Type of raw biomass 

Grot Stump Recycled wood  Salix 

Source SEP bränsledatabas Värmeforskrapport  Tekniska Verken i Linköping  TPS rapport 

HHV. MJ/kg db 21.2 20.84 20.9 19.5 

LHV. MJ/kg db 19.7 19.5 19.5 18.15 

Proximate Analysis     

 Moisture, wt% 47.9 44.4 33.7 44.4 

 Ash, wt% db 2.7 1.5 4.8 1.5 

 Volitile, wt% db - - - - 

 Fixed carbon, wt% db - - - - 

Ultimate Analysis     

 C, wt% daf 53.1 51.8 51.7 48.9 

 H, wt% daf 6 6.1 6.3 6.22 

 O, wt% daf 40.6 41.8 41.1 44.37 

 N, wt% daf 0.31 0.18 0.84 0.41 

 S, wt% daf 0.04 0.02 0.07 0.04 

 Cl, wt% daf 0.02 0.02 0.05 0.03 

Ash analysis    

 Al, mg/kg db 540 688 1307 12 

 Ca, mg/kg db 5186 2258 3436 4712 

 Fe, mg/kg db 225 539 1154 16 

 K, mg/kg db 2059 828 1058 3013 

 Mg, mg/kg db 566 270 705 454 

 Mn, mg/kg db 430 92 119 36 

 Na, mg/kg db 231 101 793 28 

 P, mg/kg db 463 102 90 682 

 Si, mg/kg db 3053 2417 5695 2562 

 Ti, mg/kg db 29.4 38 880 1 
db dry basis, daf dry ash-free basis 
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Figure 2.4.1 Investigated upgraded biomass products in current study 

2.5 Chapter summary 
The introduction of biomass in blast furnace in integrate steelmaking includes following three main 
routes 

1. Partially replace top coke with solid biofuels 
2. Blend biomass during coke making to produce bio-coke 
3. Biofuel fully or partially replace pulverized coal through injection. 

Raw biomass is difficult to use directly as a fuel in blast furnace due to high moisture content and low 
energy density. In order to improve the fuel quality of this renewable energy source, different 
upgrading technologies can be applied to convert biomass into biofuel. The available upgrading 
technologies in Sweden are further discussed in this report. They are pelletization, pyrolysis, 
torrefaction, steam explosion, hydrothermal carbonization, Lignoboost for solid biofuel; gasification 
and anaerobic digestion for gaseous biofuel, as well as fast pyrolysis for liquid biofuel. 
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Chapter 3 Upgrading technologies for solid biofuel 
As mentioned earlier there exist quite a few biofuel upgrading technologies. The following chapters 
will further discuss about some available upgrading technologies in Sweden based on solid, gas, 
liquid form products. 

This chapter describes upgrading technologies for solid products. It includes: 

1. Pelletization  (section 3.1) 
2. Pyrolysis   (section 3.2) 
3. Torrefaction    (section 3.3) 
4. Steam explosion   (section 3.4) 
5. Hydrothermal carbonization  (section 3.5) 
6. Lignoboost   (section 3.6) 

Except for pelletization, which is physical methods, the other five technologies are thermal 
conversion routes.  

3.1 Pelletization 

3.1.1 The pelletization process 
Pelletization is the process of compressing raw biomass into a shape of pellets. It can reduce the cost 
of transportation and handling of materials as well as obtain a promising fuel quality compared to 
raw biomass. The reason is that wood pellets contains much lower water content and are more 
condensed or higher in energy density after pelletization process. The production of wood pellets 
consists of drying, cleansing, grinding, pelletizing and cooling.  

Drying and screening 

It requires pretreatments such as drying and cleansing before deliver raw material to pelletization 
mill. Drying is the step to control water content of raw material around 10% since it will be difficult to 
pelletize if the raw material’s water content is higher than 15%. Moreover, the high moisture may 
influence the pellets fuel quality. Cleaning helps to remove unwanted components in raw material, 
for instance, metallic objects. Cleaning is of necessity especially when the raw material is recycled 
waste wood. 

Grinding 

After the feedstock is pretreated, it can be ground into small size wood in a hammer mill. The 
pulverized and homogenized wood material is the basis to manufacture pellets with a consistent 
density and good heating value. 

Pelletizing 
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Pellets are extruded and formed in a special die supplied with high pressure, some steam from water 
and a temperature around 70 oC. The released and soften lignin plays a role as adhesive to bind the 
material in the pellets. Figure 3.1.1 shows the principle of pelletization and the products, wood 
pellets. 

 

Figure 3.1.1 Principle of pelletization and wood pellets products [16] 

Cooling 

Wood pellets after pelletizing are still warm. The cooling step afterwards is to lower pellets’ 
temperature to room temperature in order to increase the durability of pellets as well as decrease 
dust formation during transportation and handling. 

 

Figure 3.1.2 Flow chart of pellets production 

Figure 3.1.2 presents a flow chart of pelletization process. Mass and energy yield for pelletization can 
be estimated as 100% due to few mass less during process. 

3.1.2 Pelletization in Sweden 
Presently there is a large-scale consumption of pellets for district heating and Combined Heat and 
Power (CHP), In Sweden. Due to an early introduction of energy taxes on traditional fossil fuel, the 
pellets market started growing quickly in Sweden and today an established mature market exist.  
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3.1.2.1 Pellets production 
Table 3.1.1 lists the production, export and import for wood pellets in Sweden recently. Lately CHP 
plants started using less pretreated fuel and the use for small stoves in villas have leveled-off. As a 
result, the production has adjusted to a lower demand and prices. In 2012 the total pellets 
production in Sweden was 1,338,000 tones, while 1,700,000 tons were consumed. The relatively high 
consumption between 2009 and 2010 was due to the cold winter.  

Table 3.1.1 Production, export and import for wood pellets in Sweden during 2008-2012 [17] 

Year Supply, kton  Consumption, kton 

 Production Export Import Totala  Private users CHPb 
2008 1579 92 363 1850  680 1170 
2009 1576 88 430 1918  695 1223 
2010 1649 65 695 2280  785 1495 
2011 1344 127 665 1883  550 1333 
2012 1338 129 491 1700  524 1176 

a Total = Production + Import - Export, b CHP = Total - Private users 

The Swedish wood pellet manufacturing companies vary in size, including small local pelletization 
plants and large pellets plants. Appendix B – Pellet Survey gives the list of current pellet plants in 
Sweden. According to this survey, the total Swedish pellets production capacity is 2.3 million ton 
pellets in 2012 [18]. 

In Sweden a wide range of raw material are used in pellets production. Large and medium scale 
producers purchase raw material such as sawdust and shavings, whereas, small scale producers only 
use byproducts from other activities. The expanding wood pellets market relies mainly on domestic 
pellets production, which is now limited by the shortage of raw material due to the high price and 
intense competition of raw material. Other than byproducts from forestry, the growth of pellets 
production in the future should be supplied by utilizing new feedstock such as top and branches, bark 
and stump. 

3.1.2.2 Characteristics of wood pellets  
According to the Swedish Standard SS187120, fuel pellets in Sweden are classified into three groups, 
which are given in Table 3.1.2. Group 1 meets the high quality of small boilers for private consumers 
in one or two houses. Group 2 and 3 are supplying the needs by large-scale industrial consumers, 
which do not require the highest quality. Three quarters of the pellets produced in Sweden meet the 
Swedish standards. Small manufacturers do not follow the standard [19]. 
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Table 3.1.2 Classification of fuel pellets according to SS 187120 [19] 

Property Test Method Unit Group 1 Group 2 Group 3 
Length Measure 10 pellets mm Max 4 × Ø  Max 5 × Ø  Max 5 × Ø  
Bulk density SS 187178 kg/m3 >600 >500 >500 
Durability SS187189 %fines, <3 mm 0.8 1.5 1.5 
Net calorific val. 
(as delivered) 

SS-ISO 1928 MJ/kg >16.9 >16.9 >15.1 

Ash content SS 187171 %w/w of DM <0.7 <1.5 <1.5 
Moisture SS187170 %w/w <10 <10 <12 
Sulphur SS187177 %w/w of DM <0.08 <0.08 To be stated 
Chlorides SS 187185 %w/w of DM <0.03 <0.03 To be stated 
Ash melting SS 187165/ISO 540 °C Initial temp. Initial temp. Initial temp. 

  

The price of pellets for district heating was on average 292 SEK/MWh in 2012 in Sweden [20]. The 
following Table 3.1.3 gives the further analysis of pellets from Svensk Fjärrvärme AB. 

Table 3.1.3 Pellets analysis based on different raw materials [21]  

Analysis Property, unit Raw material 

  
 Wood Grot Bark 

Proximate Analysis Moisture, wt% 9.4 9.5 8.6 

  
Ash, wt% db 0.6 0.8 3.1 

  
Volitiles, wt% db 84.4 83.1 76.4 

  
Fixed carbon, wt% db 15.0 16.1 20.5 

 HHV, MJ/kg db 20.5 20.6 21.2 
 LHV, MJ/kg db 19.1 19.3 19.9 
Ultimate Analysis C, wt% daf 50.5 50.6 52.2 

 
 H, wt% daf 

 
6.2 6.2 

 
 O, wt% daf 42.6 42.2 38.3 

 
 N, wt% daf 0.1 0.2 0.4 

 
 S, wt% daf 0.01 0.01 0.03 

 
 Cl, wt% daf 0.01 0.01 0.02 

Ash analysis SiO2, wt% of ash 24.7 17.1 13.1 

 
 Al2O3, wt% of ash 4.91 2.22 2.16 

 
CaO, wt% of ash 

 
27.0 33.8 

 
 Fe2O3, wt% of ash 3.55 1.68 0.97 

 
 K2O, wt% of ash 10.0 10.1 7.1 

 
 MgO, wt% of ash 5.06 5.66 3.39 

 
 MnO2, wt% of ash 1.77 3.46 1.39 

 
 Na2O, wt% of ash 1.19 1.38 1.06 

 
 P2O5, wt% of ash 2.34 3.41 2.38 

 
 TiO2, wt% of ash 0.19 0.13 0.1 

db dry basis daf dry ash-free basis 
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3.2 Pyrolysis 
Pyrolysis is a thermal conversion route for raw biomass. Biomass material is decomposed into a 
carbonized solid and volatiles products by heating in the absence of oxygen.  

The solid product contains around half of the original material’s carbon content, which is also termed 
as char or charcoal. The volatile products can be further separated: the condensable part to pyrolysis 
oil and the non-condensable part as syngas. Different pyrolysis conditions will result in different 
product yield, which is presented in Table 3.2.1. Lower process temperature and longer residence 
time favors the production of solid product. High temperature and longer residence time increase 
the gas yield and moderate temperature and short residence time primarily produce liquid.  

Table 3.2.1 Typical obtained products yields from dry wood by different modes of pyrolysis [22] 

Mode Conditions (process temperature) Yield, wt% on dry basis 
  Solid Gas Liquid  
Slow pyrolysis  
 

Low temperature (~400 °C) 
Long residence time 

35 35 30 

Gasification High temperature (~1000 °C) 
Long residence time 

10 85 5 

Fast pyrolysis Moderate temperature (~500 °C) 
Short residence time especially for vapors 

12 13 75 

 

Though the solid product from fast pyrolysis can also be termed charcoal, it is most often considered 
as byproducts from production of pyrolysis oil due to relatively low yields, only 12% as shown in 
Table 3.2.1. This fraction of charcoal will be described in Chapter 5.  

In Chapter 3.2, pyrolysis is only referring to the technology with favors production of charcoal. 

3.2.1 Principle of carbonization 
Charcoal is a solid biomass product generated from carbonization or slow pyrolysis process in 
absence of oxygen. There is no clear definition between carbonized biomass and charcoal from slow 
pyrolysis. Generally, the volatiles remain inside the particles during slow pyrolysis to form coke, while 
they have been let out during carbonization. As a result, a carbonized material has higher carbon 
content while the yield of solid material is higher from slow pyrolysis.  

In comparison with fast pyrolysis, traditional charcoals making method is slow heating rate, long 
residence time and relatively low temperature, which is usually 400-500 °C. The polymeric structure 
of biomass is broken down due to the elevated temperature and is degraded into three products: 
charcoal, pyrolysis oil and non-condensable gases, as shown in Figure 3.2.1. Charcoal is a carbonized 
product, which typically contains 60-90% fixed carbon. The rest is some volatile matter and inorganic 
matter, which is named as ash in charcoal. Byproducts liquid and gas portions are also termed as 
pyrolysis oil and syngas in other thermal process. 
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Figure 3.2.1 Principle of carbonization process 

Heating reactors such as kilns and retort are commonly used for biomass carbonization in industry. 

Kiln 

Traditional kiln method has been improved over the history. Kiln method is an external heating 
method and biomass feedstock is in direct contact with pyrolysis vapor. It is used in Brazil and USA 
for manufacturing of metallurgical charcoal. As the current biggest charcoal consumer in 
steelmaking, 90% in Brazil use the ”Rabo Quente” basic kiln to produce charcoal, but the yields are 
commonly low, usually 20% on dry basis [23]. 

Figure 3.2.2 is a flow chart of kiln carbonization process. The process is based on Brazilian kiln, the 
process consists of two steps: drying and carbonization. The purpose of feedstock preparation is to 
obtain raw material with low moisture content and small size, which favors the increased charcoal 
yield in kiln. From mass and energy flow we can see charcoal yield and energy yield are 35% and 56% 
[24] of the original raw wood material. 

 

Figure 3.2.2 Flow chart of charcoal production 

Retort 

Retort carbonization is different from the kiln, as pyrolysis vapors are separated in a retort before 
being used as fuel for internal heating. The principle of retort carbonization is shown in Figure 3.2.3. 
The process does not require extra fuel except vapors. The process is not favored for biomass to 
contact with oxygen from air, which could increase productivity with 20-30 %yield. Another improved 
carbonization reactor is Carbo Twin Retort, which consists of two vessels, developed by Carbo Group. 
The counter-phase in the design makes the carbonization cycle effectively. The vapors from one 
carbonizing vessel are combusted to heat another vessel with newly fed biomass. When charcoal in 
the first vessel is ready, the vessel will be replaced by another new vessel with fresh biomass, 
meanwhile the gas flow is switched direction through valves, shown in Figure 3.2.3 [25].  
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Figure 3.2.3 The principle of retort carbonization [25] 

3.2.2 Characteristics of charcoal 
Since charcoal is a highly carbonized product, it is often compared with coke. The physical and 
chemical characteristics of charcoal and coke are listed in Table 3.2.2.  

Table 3.2.2 Physical and chemical characteristics of charcoal and coke [26] 

Property, unit Material 
 Wood char Coke 
Fixed carbon, wt% db >70 85-88 
Volatile matter, wt% db 20-25 1-3 
Moisture, wt% ~10 ~2-4 
Ash, wt% db ~3 >10 
Sulfur, wt% db ~0 0.7-1.2 
Phosphorus (P2O5), wt% db 0.08 0.01-0.03 
Ash composition, wt% of ash   

- SiO2 15-25 40-50 
- CaO 25-35 2-10 
- MgO 5-7 4-5 
- Al2O3 2-4 30-35 
- Fe2O3 3-5 8-13 
- K2O 10-15 0.6 
- Na2O 
- CaO/SiO2 ratio 

1-2 
1.3-1.5 

0.4 
0-0.25 

Crushing strength, kg/cm3 30-40 100-150 
Size range, mm 10-50 50-80 
Bulk Density, dry, kg/m3 230-260 400-500 
Calorific value kcal/kg 6800-7200 6500-7200 
Reactivity Higher Lower 
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It is suggested from Table 3.3.2 that coke contains higher fixed carbon content and lower volatiles 
than charcoal. Charcoal chemistry can be changed in the carbonization process. In general, a higher 
carbonization temperature will produce charcoal with higher carbon content while the yield 
decreases. At a higher temperature, more matter that is volatile is forced out of the char and less 
solid matter remains. As a reductant in metallurgy process, the charcoal composition should fulfill 
the requirement of more than 85% fixed carbon content, preferably 90% and maximum 10% of ash 
content [27]. Fixed carbon content is an important factor in pig iron production since it is the source 
to supply carbon for iron oxides reduction. Working temperature of typical industrial carbonization is 
usually inefficient, in the range of 400-600 °C. Thomas [27] mentioned, in order to achieve a special 
high quality charcoal (fixed carbon > 85%), a minimum carbonization temperature 700 °C is needed. 
At this temperature, 25% charcoal yield still can be obtained. Charcoal with high fixed carbon and low 
volatiles is more brittle and difficult to ignite, while charcoal with low carbon and high volatile 
content has better strength and easier to burn, but high volatiles leads to a smoky flame. Industry 
users should find an optimum balance as the products are produced [28]. 

Meanwhile, lower ash content in charcoal favors production of hot metal with less slag amount, 
which normally is around 300 kg/tHM for coke in blast furnaces. The lower sulfur content of charcoal 
is optimal for hot metal production with low sulfur content, but the higher potassium and sodium 
content suggests that an acid slag should be used in order to reduce the harmful effects of alkali 
oxides [29]. Another limitation of charcoal as replacement coke is the lower strength, which is 
essential for supporting the burned of a blast furnace. 

3.2.3 Carbonization in Sweden 
In the 19th century, charcoal is intensively used in mining and metal industry in Sweden as a 
reduction agent. Nowadays, the charcoal in Sweden is most used for grilling purpose. Two BBQ 
charcoal suppliers of Sweden have been investigated during the project, Skogens kol AB and 
Vindelkol AB. They are both based on forest biomass charcoal production.  

Skogens kol AB 

Skogens kol AB was founded in 1876 when the charcoal from company was used as industrial 
metallurgical coal in the steel industry. Wood raw material was delivered through sea, and the 
finished product could be easily transported to the ironworks through trunk line that went past the 
factory area. When production was at its peak, there were eight charcoal ovens and one charred 
100,000 cubic meters of wood a year. Then Skogens kol AB changed its business focus towards 
products such as charcoal and briquettes. At present, Skogens Kol AB is the only industrial large-scale 
barbeque charcoal and briquette producer in Sweden. Skogens Kol AB is producing two types of 
charcoal products: grilling coal and thawing coal. Annual charcoal production is 6000-7000 tons, and 
75% is grilling coal. Grilling coal is mainly produced in summer and produced from hardwood birch. 
Thawing coal is mainly produced in winter from softwood spruce and pine. Thawing coal is produced 
from softwood and is mainly used by for example contractors and municipalities to thaw the ground 
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at digging sites, during winter months. It is the fastest and cheapest method to thaw frozen ground 
[30]. The quality of the products are certified which can be found in Table 3.2.3. 

Vindelkol AB 

Vindelkol AB is Norrland’s largest BBQ charcoal producer since 1990, whom uses 100% pure forestry 
residue products, mainly pine and birch. Properties of the charcoal are listed in Table 3.2.3. 

Table 3.2.3 Quality analysis of charcoal in Sweden [30] 

Parameter, unit Type 

  
Grilling charcoal Thawing charcoal Grilling Charcoal 

Supplier Skogens kol AB Skogens kol AB Vindelkol AB 
Production, ton/year 4500-5250 1500-1750 - 
Price, €/ton 500 500 - 
Feedstock Hard wood Soft wood Forestry residue  
LHV, MJ/kg db 32.79 31.64 32 
HHV, MJ/kg db 34.19 33.67 32.7 
Proximate Analysis 

   
 

Moisture, wt% 1.3 4.48 7.7 

 
Ash, wt% db <4 <4 - 

 
Volitile, wt% db <8 <8 - 

 
Fixed carbon, wt% db >83 >83 - 

Ultimate Analysis 
   

 
C, wt% db 90.39 84.69 89.2 

 
H, wt% db 1.95 3.35 3.3 

 
O, wt% db 6.25 10.6 - 

 
N, wt% db 0.36 0.13 - 

 
S, wt% db 0.1 0.02 - 

 
Cl, wt% db 0.14 0.01 - 

Ash composition   
 

 
Si, mg/kg sample 60 200 - 

 
Al, mg/kg sample 25 110 - 

 
Ca, mg/kg sample 4430 2640 - 

 
Fe, mg/kg sample 76 160 - 

 
K, mg/kg sample 2570 2040 - 

 
Mg, mg/kg sample 910 590 - 

 
Mn, mg/kg sample 580 185 - 

 
Na, mg/kg sample <10 30 - 

 
P, mg/kg sample 290 255 - 

 
Ti, mg/kg sample 19 35 - 
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3.2.4 Status of charcoal blast furnace 
Charcoal has already been used in pig iron production in many countries nowadays. Brazil is the 
earliest to utilize charcoal in their hot metal production. In 2007 about one third of its total hot metal 
production, 10.2 million ton, is produced by using charcoal [31]. Japan has a charcoal iron annual 
production of 30,000. The use of charcoal in Sweden has declined mainly because of its high cost 
caused by raw material competition from the pulp and paper industries, in 1948, 31 percent of the 
pig iron production was made with charcoal [32]. 

The application of charcoal in industry was based on the energy crisis in some developing countries in 
earlier times, now the issue is more inclined to concern of global warming. Europe, U.S.A., Canada, 
Brazil and Australia all have many research institutes and projects in terms of the biomass utilization 
to replace metallurgical coke in blast furnace. Basically using charcoal to decline fossil carbon fuel’s 
consumption consists of three approaches [33]: 

1. Coal blend – mainly developed by companies to offer new products 
2. Replace coke – commercially used for small BF, research ongoing for large BF 
3. Replace PCI – possible but not applied outside Brazil 

Due to the insufficient strength, the possibility of completely replacing coke is not likely possible in 
large furnaces. Possibilities to cut off large amount of coke consumption are either charging small 
amount of charcoal or as coal blend. In comparison, great potential of charcoal use has been set as 
charcoal injection. In current situation, the key research area is also expanded around alternative for 
tuyere injection. Except this, charcoal production, potential of carbon saving and other relevant 
studies are also done to evaluate the suitable way of use of charcoal in blast furnace.  

Work is ongoing in all these areas; each is treated under a separate headline in this chapter.  

3.2.4.1 Coal blend  
Biomass is known as CO2 neutral source and it can be blended into coal during coke making to 
produce bio-coke. It has been reported that charcoal blend fuel has sufficient mechanical strength 
which compensate the drawback of charcoal itself [34]. The generated CO2 from bio-coke during 
gasification in blast furnace does not contribute to GHG emissions; consequently reducing the CO2 
emission can be practiced. It has also been shown that Babassu charcoals from unbroken coconut in 
Brazil can be used together with coke since this bio-coke has the advantages of reducing CO2 and SO2 
emission, lower sulfur and phosphorus content than coke itself, which make utilization of local coal 
source which contains high S content [35]. 

Different coal blend experiments such as coke strength after reaction (CSR), coke reactivity index 
(CRI), ASTM stability and hardness were performed by CANMET Energy Technology Center in Ottawa, 
Canada to test bio-coke’s properties as an auxiliary fuel to charge in iron making. Following are 
description of experiments, seen as Table 3.2.4. 

Table 3.2.4 Tests of coal blend with charcoal 
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Setup Coal blend, reference 
 No. 1, [36] 2, [37] 3, [36] 4, [38] 
Experimental facility Lab-scale Lab-scale Pilot-scale Pilot-scale 
Coal quality - - 80% less than 

3.36 mm 
80% less than 
3.35 mm 

Blend feedstock Hardwood 
charcoal 

Charcoal Coarse and fine 
charcoal 

Hardwood 
commercial 
charcoal in 
Canada 

Blend amount - 30-80% 5% 2%-5% 
Charcoal size, mm <0.25 - Coarse charcoal 

6.4-9.5 
Fine charcoal 
<0.063 

6.4-9.5  
2.4-3.4  
 <0.07  
 

Coking equipment 15 kg coke oven 
Two-chambered 
sole-heated 
oven 

30 lb coke oven 
25-30 lb sole 
heated oven 

350 kg movable 
coke oven 

350 kg movable 
coke oven 

Coking temperature, °C - 1100 1200 - 
Coking time, hour - 2.5 17.25 - 
 

CANMET demonstrate in their work, see Thomas et al [39], that blend of charcoal decreases the coke 
strength, increases coke reactivity and decreases rheological properties such as fluidity and dilation. 
Moreover, the fine charcoal has an enhanced influence as compared to coarse charcoal. Regarding 
the overall changing properties, Sakurovs among other researchers others concluded that a 
maximum 5% charcoal addition is allowed to maintain coke properties without changing coke’s 
properties and coarse charcoal reduce strength more than fine charcoal, according to MacPhee et al 
[36] and Thomas et al [39]. Furthermore, a size greater than 10 mm of treated wood biomass is 
suggested by Thomas et al [39]. 

3.2.4.2 Replace coke  
It has problem with 100% replacement of lump coke in large blast furnace with charcoal since it has 
much lower strength than coke as shown in Table 3.2.2. However, the requirement of compression 
strength for coal particles in small scale furnace is much lower than in large scale furnace. In Brazil 
charcoal is extensively used in small range blast furnace which realizes charcoal application in 
industrial scale. Brazil is known as the earliest and currently biggest country using charcoal blast 
furnace in the world. One third of the total pig iron production in 2007, around 10.2 million tons, was 
manufactured in 153 small charcoal blast furnaces [31]. These blast furnaces are from independent 
companies with an annual capacity between 60 000 and 400 000 tones. Belgo-Mineira Steel Co is one 
of these companies that use charcoal from mixed forest and eucalyptus species [32]. Using charcoal 
in pig iron production is not only easing environmental burden, but also reducing the dependence of 
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imported coals. Brazilian coal has limited use due to high ash and sulfur content, the incorporation of 
biomass can improve coal´s fuel quality [31]. 

Figure 3.2.4 indicates a typical charcoal blast furnace plant in Brazil. About 700 kg charcoal (6-100 
mm) is required together with other feedstock including 80 kg lime, 30 kg quartz, 20 kg Mn ore and 
1.5 ton iron ore, for one ton of hot metal.  

 

 

Figure 3.2- 4 Typical layout and material flux in charcoal blast furnaces plant in Minas Gerais state, Brazil [29] 

In addition, charcoal can also be used in small amounts to substitute lump coke in large blast 
furnaces. Previous work indicated that substitution of coke in large blast furnaces is possible up to 20 
wt% [15]. It is also practical to reduce nut coke in furnace in order to lower the coke rate. In previous 
publication it is has been stated that 20 kg charcoal per tHM can maintain the permeability of the 
furnace, as well as save 30 kg of coke per tHM, but it results in lowering blast furnace gas 
temperature due to lower coke need [33]. 

3.2.4.3 Replace PCI   
In Brazil some mini BFs recycle charcoal blast furnace waste, charcoal fines to use into charcoal 
powder injection (CPI), with injection rate of 100-150 kg/tHM. CPI is more used by integrated 
steelworks than dominant independent pig iron producers. Less than half of the charcoal mini-BFs 
inject fines, 193,000 ton of charcoal fines were injected in 2005 [31]. Some others have estimated 
that the charcoal injection rate in blast furnace would be 200-225 kg/tHM [40]. It has been suggested 
that charcoal is possible to fully replace pulverized coal in blast furnace in Sweden. [12] 
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As a blast furnace injectant, it is mostly fundamental research on lab scale. The researches and tests 
concentrate on charcoal gasification behavior in the raceway, the secondary reactions of charcoal 
that takes place outside of the raceway, the optimum conditions for its injection. Coal injection is 
used as reference for comparison, as well as some coal mixtures.  

TG experiments 

Thermal gravimetric (TG) test results are analyzed in order find out combustion reactivity of coal 
compared to charcoal. Table 3.2.5 is showing three groups relevant studies. TG test 1 is from 
department of ferrous metallurgy in Aachen University (RWTH) in Germany, TG test 2 is from Iron 
and Steelmaking Research Group/LASID in Federal University of Rio Grande does Sul in Brazil, group 3 
is from CanmetEnergy in Canada. 

Table 3.2.5  TG tests with charcoal 

Parameter, unit Test 
 TG 1-A [41] TG 1-B [41] TG2 [31] TG3 [42] 
Samples 5 charcoals and 2 

coals with high 
and low VM 

1 charcoal and 2 coals Charcoal 
Brazilian coal 
Imported coal 

2 charcoals 
1 PCI coal 

Sample grain size, µm 80-125 45-80 30 <850 
Sample weight, mg 100 100 75 - 
Gas flow rate, ml/min 100 100 50 - 
Exp. 
phase  

Temp, °C  20-1500 1500 20-900 900 20-1100 1100 20-1300 1300 20-1050 °C, with a 
rate of 30 K/min in 
N2. After removal of 
VM, switched to CO2 
atm. at a flow rate of 
50 ml/min 

950 
Rate, K/min 15 0 15 0 15 0 15 0 10 
Time, min 100 70 60 70 73 70 86 70 - 
Air, vol% - 100 - 100 - 100 - 100 100 
Ar, vol% 100 - 100 - 100 - 100 - - 

 

From TG results, charcoal shows higher reactivity and conversion degree than coals in CO2 
environment [31, 41, 42]. The fact can be explained by charcoal’s highly porous structure from 
cellular structure (see Figure 3.2.5), resulting in much higher specific surface area, and the finer the 
particles, the bigger the difference will be. In test from RWTH, the specific surface area of charcoal 
can be even 60-350 times greater than PC. [41, 42].  RWTH and CanmetEnergy also give conclusion 
that the reactivity is not influenced by the ash composition, pyrolysis technologies for production 
[41, 42], but affected by its carbonization temperature and sample’s grain size. The higher 
carbonization temperature and smaller grain size enhance the reactivity [41]. 

 

Figure 3.2.5 SEM of PC and charcoal microstructure: (left) is PC (right) is eucalyptus charcoal [41] 
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In addition, group 1 did another test (Group-B) with smaller sample grain size at 900-1300 °C to 
simulate the charcoal behavior outside the raceway or in BF shaft. They found out the reaction 
velocity rises exponentially with the increase of temperature and a lower temperature is necessary to 
keep in order to getting a better charcoal consumption in the shaft. On the other hand, the blend 
behavior of charcoal (CC) and imported coal (IC) with Brazilian coal (BC) were studied. The BC-CC 
blend is seen negative deviation from the average conversion curves calculated from pure 
components, showing non-additive behavior. It may be attributed to the blending interaction 
influence, which form an unreactive film around the reactive particles and delay the gasification 
reaction. 

Tests in lab scale injection rig 

A lab scale injection rig was built early in 1980s at the Department of Ferrous Metallurgy in Aachen 
University (IEHK/RWTH). The rig was used to study the injected charcoal behavior in bottom of blast 
furnace and the first part of the raceway where no Boudouard reaction of carbon particles occurs 
(area 4 in Figure 3.2.6). 

 

Figure 3.2.6 Schematic view of the laboratory injection rig [31] 

The description of the equipment has already been done by previous study [31]. Following two tests 
have been reported as listed in Table 3.2.6.  

Table 3.2.6 Tests in laboratory injection rig with charcoal 

Parameter, unit Lab injection rig test  
 Test 1 [41] Test 2 [31] 
Sample 2 PC and 2 charcoals CC, BC, IC and blends 
Sample grain size, µm 80-125 90-125 
Equivalent injection rate in BF, kg/tHM Around 180 55-450 
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Test 1 is from department of ferrous metallurgy in Aachen University (RWTH) in Germany, Test 2 is 
from Iron and Steelmaking Research Group/LASID in Federal University of Rio Grande do Sul in Brazil. 

Both test 1 and 2 concluded that the conversion degree is positive in proportion to O/C atomic 
ration. The comparison by test 1 indicates charcoal is less relying on its concentration in the blast 
than coal. While test 2 found that with a normally used injection rate 150 kg/tHM, the conversion 
degree of CC, BC and IC is 56%, 49% and 33%, which means charcoal injection of charcoal will 
generate less unburnt particles.  

Tests in experimental rig Tammann Furnace 

 

Figure 3.2.7 Schematic of the Tammann furnace experimental rig [43] 

The experimental rig is used to simulate solution loss of injectants. Test facility and set up and 
scenario are shown as Figure 3.2.7 and Table 3.2.7. The test testifies that charcoal has the highest 
reaction rate than mineral coal and the charcoal-PC mixture is in between. The reaction rate 
difference decreases with the rising temperature. It is suggested that coke reactivity in CO2 
atmosphere decreases when in presence of charcoal on the coke surface, which protects coke from 
the solution loss reaction. 

Table 3.2.7  Set up of test in Tammann furnace [41] 

Parameter Value, unit 
Sample charcoal, coal and their mixtures 
Sample size <45 µm 
Desired temperature 900 °C, 1100 °C, 1300 °C 
Gas flow rate L/h 200 
Test scenario     At the desired temperature in Ar in 5 min then switched to CO2 
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Test in pilot combustion chamber 

National Centre for metallurgical investigations (CENIM) in Spain has carried out test in the 
combustion pilot chamber (see Figure 3.2.8) simulates conditions in the raceway when injecting solid 
and liquid substances. Gas temperature and gas composition are recorded. A temperature of 1075-
1150 °C is kept by propane burner at the injection port. An injected material from a feeder is 
introduced into the hot stream by means of air. Oxygen enrichment is used to adjust the oxygen 
content at the injection point to desired level. 3 PC and 10 charcoal tests are done with the 
equipment. Large-scale injection trials in combustion showed that, charcoal’s combustion efficiency 
can compete with reference coal (60% for given simulation condition). Average combustion efficiency 
value of charcoals is about 18% higher than coal but charcoal injection rate was about 22% lower 
than coal. 

 

Figure 3.2.8 Scheme of pilot injection plant [41] 

Test in injection-coke-bed-simulator 

 

Figure 3.2.9 Schematic of coke bed simulator [41] 

The pilot plant from Aachen University is built for simulation of zone in the front of the tuyeres of 
different shaft furnaces. The coke reserve hopper (height 0.90 m, inner diameter 0.35 m) enables 
stable coke bed (Figure 3.2.9) conditions for test duration of approximately 30 min. The inner volume 
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of the coke chamber is approximately 0.25 m3. To quantify the test results, measuring junctions 
equipped with thermocouples and gas analyzer, are installed along the coke chamber (M1–M4). 
Further measuring points are: M5 and M7, thermocouples; M6, pyrometer with integrated video 
camera; M8, off gas analysis. After the tests samples are taken from 4 positions (M1–M4). Test set up 
is seen in Table 3.2.8. After the test, more unburnt coal particles than charcoal particles were found 
in all four positions M1-M4. It means the charcoal is burnt under the raceway simulation conditions 
somewhat faster than PC. 

Table 3.2.8  Set up for test in coke bed simulator [41] 

Parameter, unit Value 
Sample 4 charcoal tests and 2 reference PC tests 
Injection rate, kg/min 0.17 
Blast concentration, kg/m3 0.075 
Gas flow rate, L/h 200 
Test scenario    At the desired temperature in Ar in 5 min then switched to CO2 
 

Tests in Plant scale facilities PCI Test Rig 

Mathieson and co-workers in BlueScope Steel in Australia have conducted a lot of work with charcoal 
injection behavior in blast furnace. It is predicted by them with a heat and mass balance study that 
low charcoal has high replacement ratio than other biomass material such as torrified wood and 
biodiesel and can obtain at least 20 kg/tHM coke rate reduction with an injection rate of 140 kg/tHM. 

 

Figure 3.2.10 Schematic of the PCI test rig [40] 

Other than mathematical study, BlueScope Steel has also using this PCI test rig for more than a 
decade for the PCI and alternatives injection combustion tests. The combustion chamber is described 
in previous work. [40]  
The PCI test rig (Figure 3.2.10) is from Newcastle in Newcastle Technology Centre, and Table 3.2.9 
gives typical combustion parameters for their study: 
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Table 3.2.9  Typical combustion parameters for charcoal injectant study by BlueScope Steel 

Parameter, unit Value 
Blast temperature, °C 1200 
Blast flow rate, Nm3/h 300 
Blast velocity through tuyere, m/s 115 
Blast oxygen, vol% 21-26 
Injectant flow rate, kg/h 25-70 
Equivalent BF injection rate, kg/tHM 80-210 
 

They have observed following charcoal combustion characteristics [40]: 

• Charcoal combusted readily and have better flame stability than PCI.  
• Charcoal has much better combustion performance, 40% higher burn out, compared to coals 

with the same volatile content. Softwood is generally better compared to hardwood. 
• Oxygen enrichment enhances combustibility of medium volatile hardwood charcoal, but no 

significant influence for softwood charcoal. 

Blast furnace operation with charcoal can be practiced in different methods, coal blend, replace small 
amount of coke and PCI, but it still unrealistic to completely substitute coke in conventional large 
blast furnace for the reason of quite low compression strength. The performances of charcoal in blast 
furnace have been compared with coke and PC by many research groups. It is proven that charcoal 
has great potential for its carbon-neutral source, high reactivity, and good combustibility. The 
research results which talked about in section 3.2.4 are summarized in Table 3.2.10. 

Table 3.2.10 Summary of research projects on charcoal replacement of coal and coke in BF  

Aspect Use in BF 
 Coal blend Replace coke Replace PC 
Research group CanmetEnergy (CA)  RWTH (DE), CanmetEnergy (CA), LASID (BR) 
Conclusion - Decreased strength 

- Increased reactivity 
- Reduced coke rate -Higher combustion efficiency or burn out 

(especially softwood) 
-Combusts easily with better flame stability 

Suggestion  -5% blend with charcoal 
-Blend coarse charcoal 
  >10 mm 

-Maximum 20% 
replacement of lump coke 
-Replace coke in small BF 
- Completely replaced nut 
coke 

-Higher T (carbonization) and smaller grain 
size favors reactivity. 
-Coal-charcoal blend as injectant in CO2 
atm may lower coke reactivity due to 
blending interaction influence. 

Application  Brazil -Charcoal powder injection (CPI) injection 
rate of 100-150 kg/tHM 

Basis [44] 2-10% coal blend, with 
coke used at 300-350 
kg/tHM 

50-100% replacement of 45 
kg nut coke/tHM 

100% replacement of PCI at 150-200 kg 
coal/tHM 

CO2 reduction, 
tCO2/tHM 

0.02-0.11 0.08-0.16 0.41-0.51 
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3.3 Torrefaction 

3.3.1 Torrefaction technology 
Torrefaction is a biomass pretreatment and has a similar thermal degradation process as charcoal. 
The process heats solid biomass in absence of oxygen under the temperature 200-300 °C, leading to 
the removal of moisture and partial volatile matter. The three dimensional structure of the raw 
biomass is destroyed by breakdown of hemicellulose and release of cellulose during the thermal 
pretreatment, illustrate as Figure  3.3.1.  

 

Figure 3.3.1 Schematics of torrefaction in the role of biomass conversion [45] 

Biomass is decomposed and giving off volatile matter, due to the relatively low processing 
temperature compare to charcoal, most solid and energy yield are stored in torrified biomass. Figure 
3.3.2 is an example of mass and energy balance in the torrefaction process at low temperatures. It is 
characterized as an energy yield 90% and solid yield 70%. E and M stand for the energy and mass 
unit. Generally the energy yield is lower for a real process.  
 

 
Figure 3.3.2 An example of mass and energy balance of the torrefaction process at low temperature  [46] 

Torrefaction technologies have been developed in many countries. Many torrefaction reactor 
technologies are developed by modifying existing technology, such as drying technology to perform 



  

    
  

   41 
  

torrefaction [47]. Different torrefaction technologies are specified for different feedstock, especially 
the characteristics of particle size. The selection of technologies in torrefaction plant should take 
both capital cost and operation cost into account [48].  

Some important reactor technologies are described briefly below. Torrified material is possible to 
pelletize in addition to raw biomass. However this process is generally more difficult and requires 
more energy. 

Rotary drum 
The raw material in rotating drum is distributed uniformly and heated directly or indirectly by 
countercurrent hot gas or steam flow, as well as the flue gas, show in Figure 3.3-3. It combines drying 
and cooling function which can reduce the feedstock moisture from 60 to 10%. The best moisture 
content to pellet and briquette is about 13-15% and 11-12% [49]. The limitation of this technology is 
requiring higher capacity operation and flue gas handling. A good example of this rotary drum 
application is ACB plant from Austrian ACB consortium, practicing torrefaction process with ANDRITZ 
drum drying system. This demonstration plant locates in Frohnleiten. Austrian is capable of 
producing torrified biomass 1 ton per hour [50]. 
 
Screw reactor 
A screw type reactor is a continuous reactor. The reactor technology can be considered as proven 
technology. The heat carrier such as hot steam through a hollow flight and shaft provides heat 
transfer area with minimum space, show in Figure 3.3. 3. This technology has advantages of wide 
particle range, from fine powder to lumpy materials, but exist the drawbacks of high maintenance 
cost and low heat transfer rate [51].  
 

 
Figure 3.3- 3 Rotary drum [49] and Screw reactor [48] 

Multiple hearth furnace (MHF)/ TuboDryer 
Wyssmont developed a multiple hearth furnace for torrefaction, which is already becoming a 
commercial drying reactor TuboDryer, illustrated as Figure 3.3.4. TuboDryer consists of multiple trays 
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which gradually heated biomass. The biomass is fed from top of the reactor. After one revolution the 
material is wiped onto the next lower tray where it is mixed, leveled, and then after one revolution, 
is wiped to the next tray where the operation is repeated. The feedstock is passing from top tray to 
lower tray and complete the processes from moisture removal to torrefaction. TuboDryer has the 
characteristics of wider feedstock range, controlled temperature and residual time, low maintenance 
cost, low energy cost, and various heating medium (steam, gas, electricity, oil, flue gas). 
 
Torbed reactor 
Torbed reactor was developed by Torftech Inc. (UK). The reactor is based on a toroid flow of the bed. 
The heating medium with high velocity 50-80 m/s is injected into the reactor from bottom to top, 
which can heat biomass in turbulent environment, shown as Figure 3.3.4. This technology allows 
torrefaction having a short residence time, 90 seconds to 5 minutes at a relatively high temperature, 
up to 280 °C. It has advantages of efficient heat and mass transfer, low maintenance cost, easy 
installation, low capital expenditure. However, it can’t process large size particle, which requires 
extra grinding cost before torrefaction, less control of residence time and the risk of carbonization 
and tar formation. 
 
Compact moving bed 
In this reactor, biomass is placed from the top of reactor, while the hot gas medium is injected from 
the bottom and moves vertically in opposite direction as feed. The benefits of this technology are 
easy operation, and top gas after torrefaction can be recycled use, see in Figure 3.3-4. 
 

 
 

 

 

 

 

 

 

 

 

Figure 3.3.4 (Left) TuboDryer, (Middle) Torbed reactor, (Right) compact moving bed TORSPYD [49]  
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Belt dryer 
Belt dryer is a simple and proven technology. Hot gaseous medium heats the biomass particle which 
is transported through a moving belt. Multiple belts allow biomass falling down from one belt to 
another and realizing a homogenizing mixed product. This method has advantages of controllable 
residence time, but limited by its scalability (max. 5 t/h). 

Microwave reactor 
This technology has been patented by Rotawave Company. It functions with microwaves which 
directly heat biomass. It provides efficient internal heating and shorter residence time. The merits of 
microwave heating are volumetric heating other than surface heating. On the other hand, it limits its 
application as well. For instance, it is not able to process fine material and uniform heating. 

3.3.2 Characteristics of torrified biomass 
Torrefaction is a mild pyrolysis process due to lower temperature around 200-300 °C. The carbon 
content increases with the increasing temperature which consequently favors a higher calorific value 
of the torrified biomass material than raw material. The main difference of torrified biomass with 
charcoal is the volatile matter content, shown as the Table 3.3.1. Due to the low temperature, 
torrified biomass remains most critical chemical fuel components (alkali metals, chloride, sulfur, 
nitrogen, heavy metals and ash) [48]. 

Table 3.3.1 Solid fuel properties [48] 

Property, unit Solid fuel 
 Wood Wood pellets Torrefaction 

pellets 
Charcoal Coal 

Moisture, wt% 30-45 7-10 1-5 1-5 10-15 
Calorific value, MJ/kg 9-12 15-16 20-24 30-32 23-28 
Volatiles, wt% db 70-75 70-75 55-65 10-12 15-30 
Fixed carbon, wt% db 20-25 20-25 28-35 85-87 50-55 
Bulk density, kg/l 0.2-0.25 0.55-0.75 0.75-0.85 ~0.2 0.8-0.85 
Volumetric energy 
density, GJ/m3 

2-3 7.5-10.4 15-18.7 6-6.4 18.4-23.8 

Dust Average Limited Limited High Limited 
Hydroscopic 
properties 

Hydrophobic Hydrophobic Hydrophobic Hydrophobic Hydrophobic 

Biological degradation Yes Yes No No No 
Milling requirements Special Special Classic Classic Classic 
Handling properties Special Easy Easy Easy Easy 
Product consistency Limited High High High High 
Transport cost High Average Low Average Low 
db dry basis 

Torrefaction and pelletization combing technology both add value into original biomass and make it 
more coal-like fuel. Following merits of torrified pellets can be concluded from Table 3.3.1: 
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• High energy density: Despite higher calorific value, mild thermal treatment from torrefaction 
doesn’t reduce biomass volume a lot due to low heating temperature. The extra pelletization 
process can improve final product’s energy density. 

• Good grindability: The breakdown of hemicelluloses after torrefaction makes the biomass 
brittle and grindable. It can save energy consumption in handling and processing. 

• Easy storage: Torrefaction converts biomass into hydrophobic which makes torrified wood 
absorbs less moisture when stored outside before it was conveyed. 

• Cost saving in transport: The mass and volume of biomass is reduced to produce the same 
energy in comparison with conventional wood due to the decrease of moisture and volatile 
content. This significantly contributes to the cost saving of handling and transporting, 
especially if the torrified biomass is pelletized, it results in a two times higher volumetric 
energy density than wood pellets. 

3.3.3 Torrefaction in Sweden 
Torrefaction is a developing biomass conversion technology. Up till now there is not any commercial 
torrefaction plant. There exist only two pilot scale plants at the moment. They are a pilot plant in 
Gotland and using torrefaction technology from AB Torkapparater, and a pilot plant in Umeå which is 
owned by BioEndev.  

AB Torkapparater 

AB Torkapparater is a thermal processing equipment supplier in Sweden. The company has 
conducted a project in pilot plant in Klintehamn, Gotland (Sweden) last year. About 20 trials from 
feedstock: cellulose chips, Grot and Latgran mix have been tested under different torrefaction 
temperature in order to evaluate the quality of the torrified material. Latgran mix is a mixture of 
flaked hardwood or softwood combined with sawdust, derived from Latvia and transported to 
Gotland. Grot and cellulose chips are all from Gotland. The capacity of pilot plant in Gotland is 1 
ton/hour, product quality is analyzed in Table 3.3.2 [52]. 

Material handling system (see Figure 3.3-5) in Klintehamn is described as below: The raw material is 
fed into the process through a silo which is equipped with load cells in order to measure the material 
flow into the process. After the silo the material is conveyed by multiple screw conveyors and 
through two rotary valves. A small amount of inert flue gas is supplied between the rotary valves at 
220 °C to avoid air accompany the material into the reactor. The reactor consists of a rotating drum, 
a tubular heat exchanger, which is equipped with 72 pieces of tubes. Flue gases are supplied to the 
system through a mixing chamber where flue gases from an existing bio solids furnace are mixed 
with a part of the outgoing flue gases from the reactor in order to obtain the desired temperature in 
the mixing chamber. In the inlet and outlet end of the reactor, specially designed seals with a minor 
flow of nitrogen are placed as an additional step to obtain an oxygen-free reactor space. The material 
is discharged at the bottom of outlet chamber. After the outlet chamber, the materials continue 
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through a rotary valve and through two screw conveyors where the second one is cooled indirectly 
with water to reduce the temperature of the torrefied product [53]. 

 

Figure 3.3.5 Material handling system at the pilot plant in Klintehamn [53] 

 BioEndev 

The company was founded in 2008 by researchers at Umeå University and the two energy companies 
Umeå Energi and Övik Energy. The aim is to develop and commercialize research in torrefaction and 
gasification of biomass and thus offer a total solution for processing of biomass to energy producers 
in Sweden and abroad. The leading person in this development is Anders Nordin a professor from 
Umeå University. A pilot scale facility of BTC (Fuel Technology Centre) at SLU in Umeå has tested a 
variety of biomass since early 2009. The pilot reactor, shown in Figure 3.3.6, is designed for a 
capacity of about 20 kg per hour.  

 

Figure 3.3.6 Principle of torrefaction in Umeå [55] 
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BioEndev has received support from the Swedish Energy Agency by 41 million during the period 
2009-2011. This is to be used for expanding research into torrefaction at Umeå University and for 
investment in industrial development facility. The capacity is 24 MW, which at full accessibility gives 
36,000 ton/year (4.5 ton/h). It is built next to the power plant in Örnsköldsvik for the integration and 
exchange of energy flows [54]. 

BioEndev – IDU (Industrial development unit) 

A demo-scale plant is scheduled to start operation in December, 2013. The location is Holmsund, 
outside Umeå. Raw materials sawdust and wood chip are heated by a temperature of 310-340 °C. 
The demo plant annual production is expected to be 16,000 ton (dry material). However it will be 
lower during the first years and then increase gradually. [56] 

Table 3.3.2 shows a demo sample of their torrefaction product. The given temperature is an 
example; depending on several factors the temperature can be adjusted to target the right 
properties. 

Table 3.3.2 Some analysis of torrified material from Sweden (only indicative, might change in industrial scale) 

Parameter, unit Process 
 AB Torkapprater  AB Torkapprater  IDU IDU 
Production, ton/h 1 1 2 2 
Scale Pilot plant Pilot plant Demo-project Demo-project 
Feedstock Grot Wood chips Sawdust Wood chips 
Temperature, °C 270 280 (20min) 310-340 310-340 
LHV, MJ/kg db 21.639 20.92 22,00 21,00 
HHV, MJ/kg db 22.8 - 23,00 22,00 
Proximate Analysis    
 Moisture, wt% 7.7 5.9 0~1 0~1 
 Ash, wt% db 2.2 1.5 0.4 0.8 
 Volitile, wt% db 72.7 71.9 73,00 72,00 
 Fixed carbon, wt% db 25.1 - 26.6 27.2 
Ultimate Analysis    
 C, wt% db 58,00 56.7 55-60 55-60 
 H, wt% db 5.3 5.8 5.6-5.9 5.6-5.9 
 O, wt% db 34,00 35.4 35-38 35-38 
 N, wt% db 0.48 0.47 0.1-0.2 0.1-0.2 
 S, wt% db 0.029 0.021 <0.01 <0.01 
 Cl, wt% db <0.011 <0.02 <0.01 <0.01 
Ash composition,  AOwt% db mg/kg db  AOwt% db AOwt% db 
 Si 0.316 359 0.027 0.08 
 Al 0.0191 39 0.005-0.03 0.005-0.03 
 Ca 0.625 4450 0.124 0.23 
 Fe 0.0199 60.1 0.01-0.03 0.01-0.03 
 K 0.149 1900 0.06 0.15 
 Mg 0.0698 617 0.029 0.05 
 Mn 0.004 36.9 0.01-0.02 0.01-0.02 
 Na 0.0135 114 0.001 0.005 
 P 0.073 445 0.011 0.05 
 Ti 0.0009 5.16 0.0005-0.001 0.0005-0.001 
db dry basis, AO stands for oxides of each element 
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3.3.4 Status of torrified biomass used in blast furnace 

3.3.4.1 Coal blend 
Thomas et al  [39] have investigated the effect of the addition of small amounts of torrified biomass 
to coal blends during coke making. The coal blend modeling has conducted to predict the 
introduction influence of torrified wood chips (TWC) within range of 2-8%. Modeling indicated that 
the increasing blend amount of TWC results in the decrease of coke ash, sulfur, coking pressure, 
mechanical strength (ASTM stability index), CSR, as well as the rheological properties(fluidity, 
contraction, and dilatation) of the coke. 

The blend containing 4% TWC was selected to test in a pilot-oven at the CONSOL Energy R&D 
Carbonization Laboratory. In the study, a baseline blend, two blends with 4% TWC were tested. The 
only difference between the two is as received TWC and pulverized TWC used for coke making. The 
results of ASTM stability index, CSR and CRI are in agreement with previous modeling and literature 
report. The increase of CRI and decrease of CSR is due to the ash composition of TWC. Besides, the as 
received TWC has higher reactivity than crushed TWC for its higher porosity structure. However, the 
pilot test shows that the blends with as-received TWC results in significantly higher wall pressure, 
which in contrast to the modeling prediction. The author gave the theory about coarse structure is 
attribute to physical obstruction to the gas escape during carbonization, as a consequence, leading to 
a higher wall pressure. 

3.3.4.2 Replace PCI 
Torrified biomass is also suggested to be utilized as injectant into the blast furnace. A study [57] 
investigating injection of torrified biomass in BF, was carried by using using a drop tube furnace 
(DTF). Five torrified biomasses and a high-volatile coal was compared. The combustibility and burning 
performance of the torrified material was comparable to high-volatile bituminous coal, used for PCI 
in BF. The work concluded that it is possible to use as a replacement for high volatile bituminous coal, 
but not low volatile coals. Additionally, torrefaction leads to a loss of H, O and S while retaining C to a 
greater extent. It was also found that higher torrefaction temperature intensifies the biomass 
hydrophobic nature, but the devolatilization and combustibility is on the other hand negatively 
affected.  

3. 4 Steam explosion 

3.4.1 Steam explosion technology 
Steam explosion (SE) is also a pretreatment method, which is used for ethanol and pellets 
production. It is different from the other thermal pretreatment processes, as pressurized steam or 
hot water is used. Raw biomass is heated in reactor under a high pressure steam (0.7-5 MPa) and a 
high temperature (160-260 °C) for a short time (1-10 minutes) [58]. Since the process involves both 
mechanical deformation and chemical degradation, the biomass structure will change more and 
more lignin will be active in binding the material during pelletization. 
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Figure 3.4.1 is a flow diagram of steam explosion process for wood chips during 220 °C for 6 minutes. 
The study was conducted by Hao Wang from Division of Energy and Furnace Technology, KTH. It can 
be concluded from the flow that a mass yield 70% and energy yield 79% can be obtained from steam 
explosion process. 

 

Figure 3.4.1 Mass and energy flow of steam explosion process [59] 

3.4.2 Characteristics of black pellets 
Steam explosion can be applied before pellets production. Compared to conventional wood pellets, 
the appearance of steam exploded pellets are black (black pellets), shown as Figure 3.4.2. With 
increasing severity of steam treatment, the color becomes darker. Table 3.4.1 lists some properties. 

 

Figure 3.4.2  Appearance of untreated wood pellets and SE treated wood pellets, a) Untreated, b) 200 °C for 5 min, c) 200 
°C for 10 min, d) 220 °C for 5 min, e) 220 °C for 10 min [60] 

Table 3.4.1 Comparison of conventional pellets and steam exploded (SE) pellets [60] 

Parameter, unit Type  
 White pellets SE black pellets (220 °C, 10 min) 
Moisture, wt% 6.9 5.3 
Density, kg/m3 1090 1070 
Compression energy 22.3 40.4 
Extrusion energy 0.049 0.235 
Heating value MJ/kg 18.82 20.09 
Ash, wt% 0.27 0.41 
C, wt% 48.44 53.09 
H, wt% 6.23 5.91 
Mayer hardness, N/mm2 1.6 5.6 
Breaking force, N 18 44.2 
Adsorption rate, min-1 0.0152 0.0128 



  

    
  

   49 
  

The quality of steam exploded wood pellets is investigated under different steam explosion 
conditions with untreated pellets. It is identified that [60]: 

• Steam exploded biomass has higher compression energy during pelletization due to its 
stronger crystallite structure and higher friction between particles. From scanning 
electron microscope (SEM) results (Figure 3.4.3). The untreated wood structure is 
fibrous, while the steam-exploded biomass is more compact without gaps.  

• Steam explosion increases the hardness and brittleness of wood because of thermal 
degradation. Hemicellulose, which acted as a viscoelastic component in the fiber 
structure is broken down and making the material brittle. The increase of lignin content 
has a passive effect on the particle movement in matrix structure so that it requires 
higher breaking strength. 

• The pellets from steam explosion display better hygroscopic behavior than conventional 
pellets. 

 

Figure 3.4.3 SEM (Left) Untreated pellets (Right) Stem-exploded pellets [60] 

3.4.3 Steam explosion in Sweden 
Steam explosion now has two directions for application, as pretreatment technology for pellets and 
for ethanol production. It has been applied in a pilot ethanol plant in Örnsköldsvik which was from 
SEKAB, while the treatment for pelletization is still on research stage. As these applications are out of 
scope for this report, the principal process is mainly covered. 

KTH Division of Energy and Furnace Technology 

Steam explosion tests has been conducted on salix wood chips by Biswas et al [62] from Division of 
Energy and Furnace Technology, KTH. The objective of the study is to upgrade biomass fuel for wood 
pellet production. The biomass in the study is short rotation willow (salix) which is cultivated in 
arable land in Sweden. SE experiments were performed using a laboratory scale reactor from Lund 
University by varying two process parameters, temperature and residence time. Figure 3.4.4 is 
indicating the steam explosion system’s components in Lund University. It contains a 10 liter reactor, 
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an electric boiler, and a cyclone tank and control unit. The biomass was loaded into the reactor and 
the desired temperature and residence time were set. The pretreated biomass was shot into the 
cyclone from reactor due to the drop pressure. The slurry was collected from cyclone.  

 
Figure 3.4.4 Steam explosion reactor in Lund University, (a) Schematic, (b) Laboratory facility [63] 

Table 3.4.2 comes the analysis for raw Salix and steam exploded salix from the research work of 
Biswas et al [62]. The conclusions they obtained from experiments are steam exploded biomass 
drives to increase of carbonization degree and heat content. It is also beneficial for reduction of ash 
content, alkaline content and some heavy metal components. However, degradation in ash fusibility 
was observed in steam exploded biomass, which means pretreatment of biomass may result in easy 
slagging behavior. On the other hand, this technology is able to produce pellets with higher density, 
impact resistance and abrasive resistance which can be attributed to more generated fines and 
melting of low molecular weight lignin on the surface.  
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Table 3.4.2 Quality analysis of steam exploded biomass from Sweden [62] 

Parameter, unit Source 
 KTH 
Comments Lab scale 
Feedstock Salix 
Temperature, °C 228 
LHV, MJ/kg db 20.37 
HHV, MJ/kg db - 
Proximate Analysis 
 Moisture, wt% 7.4 
 Ash, wt% db 2.5 
 Volitile, wt% db 77.2 
 Fixed carbon, wt% db 20.3 
Ultimate Analysis 
 C, wt% db 53.6 
 H, wt% db 6,00 
 O, wt% db 37.5 
 N, wt% db 0.32 
 S, wt% db 0.038 
 Cl, wt% db 0.03 
Ash composition   
 Si, mg/kg db 383 
 Al, mg/kg db 66.7 
 Ca, mg/kg db 8800 
 Fe, mg/kg db 120 
 K, mg/kg db 706 
 Mg, mg/kg db 206 
 Mn, mg/kg db 17.8 
 Na, mg/kg db 109 
 P, mg/kg db 538 
 Ti, mg/kg db 6.59 

db dry basis 
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3.5 Hydrothermal carbonization 

3.5.1 Hydrothermal carbonization technology 
Hydrothermal carbonization (HTC) is also known as wet torrefaction. It is an approach transforms 
organic material into upgraded biomass for thermal application. The operation of the pretreatment 
method is in an aqueous suspension at temperatures of 180 – 220 °C and under increased pressure. 
The process of HTC can be seen from Figure 3.5-1. The schematic is based on a pilot plant production. 
The mass and energy yield of HTC process is 70% and 80%. Due to the process being wet, no drying is 
required and particular biomass type is required. The maintenance requirement and investment cost 
is low.  

 

Figure 3.5.1 Flow of hydrothermal carbonization process [64] 

3.5.1 Hydrothermal carbonization in Sweden 
Hydrothermal carbonization (HTC) is a relatively new pretreatment method in Sweden. KTH Division 
of Energy and Furnace Technology, is working in the development of this method in Sweden. Carlos 
Carlos Alberto Cuvilas has performed the hydrolysis experiments of biomass (2-10 mm spruce) using 
water, diluted acid and sodium hydroxide in a rotating autoclave at about 180 °C for 150 and 350 
min. Quality of HTC biomass is given in Table 3.5.2.  

Due to ongoing work of the author, the data such as ash composition could not be disclosed. A 
reference quality analysis from AVA-CO2 has been given in Table 3.5.2 as well. AVA-CO2 is registered 
in the city of Zug, Switzerland with a subsidiary in Karlsruhe, Germany. In October 2010, it launched 
the world's first industrial-size HTC plant. As a pioneer in hydrothermal carbonization (HTC), AVA-CO2 
plans, implements and operates HTC plants on behalf of its customers for treatment of sewage 
sludge and organic waste. These facilities turn plant residues efficiently and profitably into high grade 
bio coal or bio char; operating conditions in AVA-CO2 is treating the biomass with steam at 250 °C 
and a pressure around 23 bar (max 25 bar) for 6 hours. The target price of the product is 30 €/MWh. 
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Table 3.5.1 Quality analysis of HTC biomass from Sweden [65, 66] 

Parameter, unit Source  
 KTH AVA-CO2 (Germany,reference) 
   Comments Lab scale Commercial 
Price - 30 €/MWh 
Feedstock Spruce sewage sludge and organic waste 
Temperature, °C 180 180 – 220 
LHV, MJ/kg db 24.98 28.04 
HHV, MJ/kg db - 28.9 
Proximate Analysis  
 Moisture, wt% - 10.6 
 Ash, wt% db 1.56 6.7 
 Volitile, wt% db 61.2 - 
 Fixed carbon, wt% db 37.24 - 
Ultimate Analysis  
 C, wt% db 66.1 66.3 
 H, wt% db 5 7.00 
 O, wt% db 26.39 16.1 
 N, wt% db 0.26 3.7 
 S, wt% db 0.688 0.12 
 Cl, wt% db <0.02 0.012 
Ash composition  AO wt% db AO wt% db 
 Si - 0.0783 
 Al - 0.0089 
 Ca - 0.29 
 Fe - 0.0107 
 K - 0.103 
 Mg - 0.0496 
 Mn - 0.0109 
 Na - 0.0053 
 P - 0.0176 
 Ti - 0.0004 

db dry basis 
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3.6 LignoBoost 

3.6.1 Lignin extraction from chemical pulping  
Lignocellulosic biomass consists of three components: cellulose, hemicellulose and lignin [67]. Lignin 
is the third most abundant polymer in nature, after cellulose and hemicellulose. For instance, a 
general plant biomass contains 40-50% cellulose, 20-40% hemicellulose and 20-30% lignin. Lignin is 
the main component of cell walls and presents as an amorphous polymer, network of phenyl 
propane units [68]. In the conversion of lignocellulosic biomass to fuel, the biomass is supposed to be 
treated and expose the cellulose. Lignin can be extracted from raw materials such as wood and black 
liquor by thermal, chemical or mechanical treatments. In this report, only lignin from chemical 
pulping process will be discussed since today the major raw materials for lignin production are 
cooking liquors from pulping.  

The purpose of pulping is to remove lignin and release fiber structure in the wood for paper 
production. Figure 3.6.1 is showing a typical pulping process. The wood is cooked in a vessel, which is 
also known as digester, at high temperature and pressure with chemicals. There are two most 
common cooking processes: kraft and sulfite cooking. In kraft cooking, wood is digested with NaOH 
and Na2S solution, or white liquor. After the washing process, kraft pulp is separated from spent 
liquor, also called black liquor. Kraft pulp is used to produce paper board and paper bags which has 
high requirement of paper strength. Sulfite cooking is using aqueous sodium sulfite as chemicals. The 
generated spent liquor is called brown liquor or sulfite liquor. 

 

Figure 3.6.1 Flow chart of chemical pulping process 

Lignin from different cooking process may have varied quality, as shown in Table 3.6.1.  
 
Table 3.6.1 Characteristics of technical lignin [67] 

Parameter, unit Type  
 Kraft lignin Sulfite lignin 
Source Kraft cooking Sulfite cooking 
Ash, wt% 0.5-3 4-8 
Moisture, wt% 3-6 5.8 
Carbohydrates, wt% 1-2.3 - 
N, wt% 0.05 0.02 
S, wt% 1-3 3.5-8 
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Spent liquors are consist mainly lignin, degraded carbon-hydrates and inorganic cooking chemicals. 
Inorganic cooking chemicals can be recycled use through evaporators and recovery boilers in pulp 
mill. Kraft lignin is generated from kraft pulping and can only dissolve in alkaline solution. The 
extraction of kraft lignin is to add suitable acid to black liquors to lower pH value and obtain kraft 
lignin from precipitation. Around 85% of total world lignin production is from kraft lignin today. For 
sulfite lignin, the extraction from sulfite liquor may achieve by addition of lime.  

As a waste product, the abundant supply of liquors and its potential added value for industry has 
attracted more and more attention. However, high cost of separation is the limitation of further 
industrial application of lignin.  

3.6.2 LignoBoost in Sweden 

3.6.2.1 LignoBoost Technology 
LignoBoost is an efficient Swedish patented lignin extraction technology (see Figure 3.6.1) developed 

by Swedish research institute Innventia (earlier named STFI-Packforsk) and Chalmers University in 

the KAM (the Ecocyclic Pulp Mill) and FRAM (the Future Resource-adapted Pulp Mill) programs, 

which is mainly supported by Swedish Energy Agency [69]. 

The advanced LignoBoost separation technology is a two stage washing/dewatering process in which 

lignin is taken from the black liquor evaporation plant, precipitated with CO2 and filtered. The filter 

cake is re-dispersed and acidified as Cake re-slurry in Figure 3.6.2. Slurry is dewatered and washed by 

acid H2SO4 and filtration. Compared to conventional one-stage extraction process, washing the lignin 

immediately after filtration, re-disperse filter cake in a liquid can control the parameters which can 

change the lignin solubility, such as pH level, temperature and ionic strength. The extra stage in 

LignoBoost may bring following advantages for lignin removal process [70]: 

• Higher lignin yield from black liquor 

• Lignin has a lower ash and carbohydrate content 

• Lignin contains more dry solids, 65-70% 
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Figure 3.6- 2 Two stage LignoBoost process [70] 

The idea of removing black liquor from evaporation plant instead of recovery boiler has been verified 
on a demonstration plant in Bäckhammar, Sweden, with a planned annual production 4,000 ton per 
year from 2007. Innventia owned and operated the demo plant for trials to develop the process from 
2007 to 2008. 

The average dry solids content of lignin from demonstration plant was approximately 63%, in the 
range of 60%-70% of dry solids during the first year operation. Various forms of lignin such as filter 
cake, dried powder, milled powder etc. were also tested and gave a representative bulk density of 
650-750 kg/m3. In the trial, the ash content as an important biofuel factor is also evaluated from 90 
lignin samples in the first year production, which has mean value of 0.8% and varied in the range of 
0.3-1.2%. Table 3.6.2 is showing lignin a sample analysis from FAME program. 
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Table 3.6.2 Lignin analysis from FAME program [71] 

Property, unit Example   Range  Samples 
    Average Min Max   
HCV, MJ/kg daf 26.7   27.1 26.6 27.3  5 
LCV, MJ/kg daf 25.4   25.9 25.3 26.0  5 
Proximate Analysis         
 Moisture, wt% 29.3   32.3 29.3 40.0  3 
 Ash, wt% db 1.4   1.0 0.2 1.4  5 
Ultimate Analysis         
 C, wt% daf 63.6   65.1 63.6 66.2  5 
 H, wt% daf 6.2   5.8 5.7 6.2  5 
 O, wt% daf 27.5   26.1 25.9 27.5  5 
 N, wt% daf 0.15   0.10 0.10 0.20  5 
 S, wt% daf 2.54   2.50 1.80 3.20  5 
 Cl, wt% daf 0.01   0.01 0.01 0.01  2 
Ash analysis mg/kg ash mg/kg db  mg/kg ash   
 Al 26000 364  17824 7857 34500  4 
 Ca 77500 1085  4037 2000 77500  4 
 Fe 19300 270  4036 1250 19300  3 
 K 38800 543  38800 24000 76154  5 
 Mg 8300 116  1996 1700 8300  3 
 Mn 5100 71  2835 900 5100  3 
 Na 119000 1666  151500 119000 227152  5 
 P 4700 66  2484 269 4700  2 
 Si 69900 979  13071 10536 69900  4 
 Ti 1800 25  969 138 1800  2 
db dry basis, daf dry ash-free basis 

3.6.2.2 Application of lignin from LignoBoost 
The demonstration plant has been used to optimize the process and produce lignin for various 
combustion tests under FRAM-2, which is conducted from October 2005 to December 2008 [71]. In 
FRAM 2, lignin had been full-scale combustion tested through two boilers and a kiln in order to 
evaluate the lignin effects as biofuel product. 
 
Firing in limekiln 
From April 15-17, 2008, dried lignin powder is applied in full scale to replace fossil fuel in a limekiln at 
the pulp mill of Södra Cell, Mönsterås (Sweden). 37 ton lignin is fired in the limekiln (275 ton 
lime/day) during 32 hours to replace 50-100% oil. The burner for limekiln is designed for 
simultaneous co-firing of oil, biomass powder, gas (non-condensable gases, NCG) and methanol [70]. 
 
Co-firing with bio-fuels 
Lignin is verified to co-firing with lignin and bark in a fluidized bed boiler. The results from trials show 
that lignin is easy for handling and co-firing. The sulfur in lignin can reduce the alkali chloride content 
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in deposits, which prevents formation of sticky deposits and high temperature corrosion. Lignin has 
no obvious effect on the sintering properties of the bed material [70]. 
 
Co-firing with coal 
Lignin was also tested in pressurized fluidized bed combustion (PFBC) boiler at Värtaverket in 
Stockholm. Lignin was mixed with coal in the combustion trial, and show that [70]: 

• Lignin has no effect on the important combustion parameters. 
• An energy substitution rate of up to 15% was demonstrated. It is possible to have 20-30% 

replacement. 
• Some difficulties in fuel handling and preparation are noted. A solution is to mix the lignin 

and the coal as late as possible before feeding to boiler in order to avoid formation of lumps. 
• It is possible to use dolomite to reduce sulfur content. 
• There should be no or little increase risk for bed agglomeration 

3.6.2.3 Economic benefit from installation of LignoBoost 
A LignoBoost lignin plant with annual capacity of 50,000 tons dry product (7 ton/h) requires an 
estimated SEK 106 million in investment cost, if the plant operates 350 days/year and the utilization 
rate is 85%. The investment cost for plant is related to price level of the latter part of 2008, and may 
vary between +/- 20% the cost, if considering the current design. The total investment includes SEK 
88 million direct costs (civil, equipment, process control, electrical equipment, piping and valves as 
well as construction) and SEK 18 million indirect cost (freight, temporary facility, engineering, 
commissioning, the start-up and unspecified costs) [70]. Figure 3.6-3 is showing the share of the 
investment from a project presentation material in 2006.  

 
Figure 3.6- 3 Estimated share of investment % 50,000 ton lignin/year, total investment approximately 13 M€ [72] 

The installation of LignoBoost is possible to bring benefit to the pulp industry. 

Firstly, it helps off-load the recovery boiler while increasing pulp production, which avoids the 
replacement of a new recovery boiler. Taking a kraft pulp mill with annual capacity of 250,000 ton as 
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an example, a lignin removal of 50 kton per year may increase 25% pulp production. It provides a low 
capital cost solution which reduce investment from 25 M€ to 13 M€. (1€ = 9.3 SEK, 2006 level). Lignin 
can be sold outside pulp mill for 30€/MWh and may give an annual revenue of 4.5 M€ [72]. 

Secondly, the lignin from LignoBoost can be internal used as alternative for fossil fuel in limekiln in 
order to reduce fuel oil consumption. If a kraft pulp mill with capacity of 350,000 ton per year 
replaces mineral oil with lignin from LignoBoost. It is estimated that the investment can be pay-off 
about three years with no increase in pulp capacity. 

Thirdly, generated lignin is also possible to export and sell as a product for external users in the fields 
such as energy, chemicals and materials. 

Currently the first world´s commercial LignoBoost plant is under construction in a North American 
mill with annual production 40,000 ton lignin, the estimate investment is about $20-25 million to 
achieve 70% dryness [73].  

As the faculty Mickael Ahlroth [74] in Innventia mentioned, at the moment it is more desired to set 
up a full scale Lignoboost plant in Sweden since LignoBoost is originally developed from Sweden. 
Commercialize lignin from LignoBoost process requires both development of production and 
demand. 4-5 LignoBoost full size plant may help enlarge current lignin market to 100,000 ton. It is a 
promising investment for paper and pulp industry. The installment of LignoBoost is somehow 100 
MSEK and it can help the plant in which recovery boiler is overburden to take out extra black liquor, 
meanwhile generated heat from LignoBoost process can be utilized for pulping process in order to 
reduce internal energy use. Instead of replace a new recovery boiler, which may cost as much as 1 
BSEK. On the other hand, it is not a big problem for enlargement of lignin market. The previous 
project partner, Fortum can be a potential future customer in the lignin market as lignin is a 
renewable fuel source and can be mixed with their coal used in Värtaverket CHP plant which 
consumes around 3,000 ton coal every year. 

3.6.3 Status of lignin to replace coal 

Co-firing 

Energy and Environmental Research Center (EERC), USA, have investigated cofiring test of lignin with 
coal. Christopher in EERC has done some experiments by adding Raw Straw Lignin (RSL) as coal blend. 
The tests are indicating the different fuel behaviors in boiler between RSL and coal. RSL fouling 
deposits have much higher viscosity and slightly higher slagging deposit value than coal from Black 
Thunder Mine. In other words, RSL has been shown lower fouling potential because low viscosity 
contributes to stronger deposits [75, 76]. 

Combustion 

Most lignin combustion-studies were done in Sweden. In preparation for the full-scale lignin fueled 
demonstration plant in Bäckhammar by LignoBoost AB, Energy Technology Center (ETC) in Piteå and 
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Chalmers University of Technology in Göterborg conducted pilot-scale tests of lignin biofuel. Lignin 
powder and lignin filter cake are separately tested in a 150 kW powder burner and a 12 MW fluidized 
bed boiler, shown as Fig 3.6.4. Several conclusions have been drawn from the pilot-scale trials [77].  

• It is possible for kraft lignin to have a stable and continuous combustion.  
• Slightly higher NOx emissions are observed from the lignin powder test in the 150 kW 

powder burners at ETC. 
• The S content positively influences the reducing of alkali chloride content in deposit. 

 

Figure 3.6.4 (Left) Schematic of the combustion furnace with a 150 kW powder burner (Right) Schematics of 12 MW CFD 
boiler  [77]. 

Another study [77] has been done by ETC about combustion comparison between reference pellets 
and hydrolysis pellets. The hydrolyzed pellet did not only have comparable properties (bulk density, 
durability, Cl and S content) but also has higher heating value, lower ash content and low sintering 
tendencies, compared to reference fuels. Besides, pelletized hydrolysis residue showed a tendency of 
char aggregate formation at low temperatures and soot formation on boiler walls [78].  

3.7 Chapter summary 
This chapter gives backgrounds of several existing upgrading technologies for solid biofuels in 
Sweden. Available Swedish biomass upgrading technologies for solid biofuel includes pelletization, 
pyrolysis (carbonization), torrefaction, steam explosion, hydrothermal carbonization and LignoBoost. 
Among these, pelletization and carbonization have been already commercialized while torrefaction, 
steam explosion and LignoBoost are still on demonstration level, but these three biomass conversion 
routes all have potential for industrial commercialization in Sweden. 

Table 3.7.1 and Table 3.7.2 show a summary of these technologies and analysis of the products. 

 

 

Table 3.7.1 Summary of available upgrading technologies for solid biofuel in Sweden 

Parameter, unit Technology 
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Pelletization Carbonization Torrefaction SE  HTC  LignoBoost 
Temp, °C 70 400-500 200-300 160-260 180-220 - 
Pressure, MPa High - - 0.7-5 2.3-2.5 - 
Product Pellets Charcoal Torrified biomass SE biomass HTC biomass Lignin 
Yield, wt% ~100 35 [24] 70 [46] 70 [59] 70 [64] - 
Yield, energy% ~100 56 [24] 90 [46] 79 [59] 80 [64] - 
Source Sweden Skogens kol AB AB Torkapprater  SEKAB KTH Innventia AB 
Production 2.3 Mton/y 6000 ton/y 1 ton/h - - 40 kton/y 
Status Commercial Commercial Pilot  Pilot Lab Pilot  
Application Heat Grilling Pretreat Pretreat Pretreat Fuel 
Price SEK/MWh 292 [20] 489 [30] 350-600 [80] - 259 [66] 259 [72] 

 

Table 3.7.2 Summary of different solid fuels from Sweden 

Property, unit Solid fuel 
Coal Raw  Pellet Charcoal Torrified 

biomass 
SE 
biomass 

HTC biomass 
(GE)  

Lignin 

Reference [79] [80] [21] [30] [80] [62] [66] [71] 
Feedstock - Grot Wood Softwood Grot Salix Sewage  Liquor 
Bulk densitya, kg/m3 800-850 200-250 500 ~200 ~200 - - 650-750 
LHV, MJ/kg 31.58 19.44 19.10 31.64 21.64 20.37 28.04 25.40 
HHV, MJ/kg 32.20 20.72 20.50 33.67 22.80 20.37 28.90 26.70 
 
Proximate analysis 
Moisture, wt% 1.0 28,0 9.4 4.5 7.7 7.4 10.6 29.3 
Ash, wt% db 8.6 2.6 0.6 <4 2.2 2.5 6.7 1.4 
Volitiles, wt% db - 82.1 84.4 <8 72.7 77.2 - - 
Fixed C, wt% db - 15.3 15.0 >83 25.1 20.3 - - 
 
Ultimate analysis 
C, wt% db 81.97 51.20 50.5 84.69 58.00 53.60 66.30 63.60 
H, wt% db 3.98 5.90 6.2 3.35 5.30 6,00 7,00 6.20 
O, wt% db 2.33 39.80 42.6 10.6 34.00 37.50 16.10 27.50 
N, wt% db 2.15 0.49 0.1 0.13 0.48 0.32 3.70 0.15 
S, wt% db 0.23 0.04 0.01 0.02 0.03 0.04 0.12 2.54 
Cl, wt% db - 0.02 0.01 0.01 0.01 0.03 0.01 0.01 
         
Ash composition          
SiO2, wt% db 4.3100 0.0621 0.1482 0.0449 0.3160 0.0821 0.0783 0.2100 
Al2O3, wt% db 2.1200 0.0059 0.0295 0.0239 0.0191 0.0138 0.0089 0.0750 
CaO, wt% db 0.6200 0.7060 0.1620 0.3869 0.6250 1.2320 0.2900 0.1500 
Fe2O3, wt% db 0.6000 0.0085 0.0213 0.0239 0.0199 0.0171 0.0107 0.0390 
K2O, wt% db 0.1300 0.2250 0.0600 0.2574 0.1490 0.0851 0.1030 0.0650 
MgO, wt% db 0.2700 0.1020 0.0304 0.1029 0.0698 0.0343 0.0496 0.0193 
MnO, wt% db - 0.0053 0.0106 0.0250 0.0040 0.0023 0.0109 0.0092 
Na2O, wt% db 0.0400 0.0181 0.0071 0.0042 0.0135 0.0147 0.0053 0.0220 
P2O5, wt% db 0.0600 0.1090 0.0140 0.0344 0.0730 0.0694 0.0176 0.0161 
TiO2, wt% db 0.0700 0.0004 0.0011 0.0061 0.0009 0.0011 0.0004 0.0042 

a The density value of coal, raw biomass and charcoal are referring to Table 3.3.2, db dry basis 
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Options for solid biofuel used in blast furnace would be replacing either the reduction agent or the 
fuel, which provides heat. The physical characteristic of bio-based materials limits the replacement of 
reduction agent. In comparison with coal, these solid biofuels have a low bulk density, which also 
corresponds to strength of the material. This will likely cause problems with permeability, as large 
volumes of gas pass through the top-loaded burden. It is possible to blend biomass materials in the 
coke making, for instance 5 wt% of charcoal can be blended to produce bio coke. It might even 
possible to replace small amount of coke and still maintain permeability of the top-loaded burden. 
However, effects such as lower gas temperature due to reduction of coke amount should be taken 
into consideration. 

Another alternative is replacing fuel, which provides heat by injecting solid biofuel through bottom of 
furnace and/or co-firing with coal. Most solid biofuels have a lower mass and energy density 
compared to coal, which consequently requires larger volumes of solid fuel. This might cause 
difficulties in injection as well as increased the cost for transportation and storage. Among these 
different solid products, charcoal is the most coal-like which usually contains more than 80% carbon 
and can be used as an injectant in blast furnace.  

SSAB in Sweden produced 3.56 million ton hot metal in 2008, with a consumption of 1230 Kton coke 
and 457 Kton PC coal [11]. This is equivalent to 14.8 TWh energy (assuming the heating value of coke 
and coal is 31.58 MJ/kg [79]).  

The 457 kton PC coal (or 4 TWh based on the LHV in Table 3.7.2) has been considered possible to 
replace in this report, which requires 4 TWh of charcoal (456 kton, based on the LHV in Table 3.7.2). 
4 TWh charcoal, assuming an energy output yield of 56% [24], will require 7.14 TWh of raw biomass, 
which is considered available from an expanding market as forecasted by the Swedish Energy Agency 
[10]. This is if conditions remain unchanged in the furnace, which must be verified by further 
modeling, experiments as well as industrial trials. Within the project scope, the potential 
replacement of PC coal with biomass products will be further investigated in other Work Packages. 

Additionally, literature indicates that top coke could be partially replaced, even considering the type 
of blast furnaces operating in Sweden. However, this must be addressed by a future projects as more 
fundamental mechanisms of the blast furnace might be affected. 

In this case, the concept of industrial symbiosis would be a good option to realize introduction of 
biomass in blast furnace in iron and steelmaking industry. Flue gas from steelmaking process can be 
used for raw biomass drying and heating. The byproducts such as syngas and tar liquid are also 
possible to supply heat or produce bioenergy for internal or external process. The carbonized 
charcoal can then be used by steelmaking industry as reducing agent.  

In other words, industrial symbiosis could be an accessible and economical route to achieve low 
carbon emission and more efficiency in use of energy. 



  

    
  

   63 
  

Chapter 4 Upgrading technologies for gas biofuel 
Other than solid products, raw biomass can also be converted into gas form biofuel. In Chapter 4 it 
tells two common upgrading technologies that can be applied to convert raw biomass into gas form 
fuel, they are synthetic natural gas (SNG) from gasification and biomethane from anaerobic digestion 
process. 

4.1 Gasification 

4.1.1. Gasification technology 
As mentioned in Chapter 3, gasification is also one type of the pyrolysis with high temperature and 
long residence time, which results in gaseous products, tar and solid residues (char). A typical 
gasification gas, solid and tar yield is 85%, 10% and 5% separately. The process flow is shown in 
Figure 4.1.1. 

 

Figure 4.1.1 Process flow of gasification 

Drying 

Before raw biomass is fed into gasifier, it requires preparation of feedstock. Size reduction and drying 
of biomass are processed in order to get small size and low moisture feedstock which can ensure 
efficient gasification. Sometimes densification is also necessary due to low density of raw biomass. 

Gasification 

Pretreated biomass material is heated and partial oxidized under high temperature (500-1400 °C) 
and elevated pressures up to 33 bars. Reactive agents such as oxygen, steam and hydrogen are used 
in gasification reactors to aid the chemical conversion of char to volatile compounds. The volatile gas 
compound, which is also termed as syngas, is a mixture of CO and H2, together with some small 
amounts of CH4, CO2, N2 and water vapor. The quantity and composition of syngas depends on 
biomass type, the gasifier type, gasification temperature and pressure. Several gasifiers have been 
developed and can be generally divided into three categories: 

• Fixed bed gasifier 
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• Fluidized bed gasifier 
• Entrained flow gasifier 

Fixed bed gasification is a relatively simple operation. According to feeding position of the biomass, 
fuel, and reactive agent, it includes updraft, downdraft and cross draft, shown as Figure 4.1.2. 
Different from fixed bed, fluidized bed gasification has no distinct reaction zones. It is heating inert 
bed material (sand, ash, finer mineral particles) under the oxidation medium. The bed material works 
as heat transfer medium to the fuel. If the bed material is stable and the fluidizing gas velocity is low, 
it is called bubbling fluid bed (BFB). If the gas velocity is able to blow the bed particles throughout the 
entire reactor, it is called a circulating fluidized bed (CFB), illustrated as Figure 4.1.3. Entrained flow 
(Figure 4.1.3) is operated at higher temperature and shorter residence time than other gasifiers. It 
can produce high concentration of CO and H2 gases. 

 

Figure 4.1.2 Three types of fixed bed gasifiers, from left to right: updraft, downdraft and cross draft [81] 

 

Figure 4.1.3 (a) Fluidized bed gasifier, (left) Bubbling bed (right) circulating fluidized bed (b) Entrained flow gasifier [81] 

The summary of different gasification technology can be found in Table 4.1.1. 
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Table 4.1.1 Summary of the gasification technologies [82] 

Property, unit Fixed Bed  Fluidized bed  Entrained flow 
Updraft Downdraft  Bubbling Circulating   

Scale up limit <10 t/h <15 t/h  No scale up limit No scale up limit  Up to 700 MW 
Pressure, atm Atmospheric Atmospheric  1-35 1-19  20-50 
Operating T, °C 300-1000 300-1000  650-950 800-1000  >1200 
Tar, mg/Nm3 35000 500-1000  13500 low  Almost tar free 
Syngas quality Low  

(high tars) 
Low (CO2)  Medium (PM) Medium (PM)  High quality 

(tar free) 
Complexity Simple Simple  Rel. advanced Rel. advanced  Relatively advanced 
Limitation Tar cleaning      Pretreatment 

necessary 
 

Gas cleaning 

Syngas produced from biomass by gasification may contain several impurities listed in Table 4.1.2. 
These contaminants can influence syngas’s quality as fuel used in industry. The form and 
concentration of contaminants varies with biomass feedstock, gasification technology and 
gasification agent type. Table 4.1.3 is a typical product gas by CFB gasifier. 

Table 4.1.2 Syngas contaminants [83] 

Contaminants Example Potential Problem Cleaning technology 
Particles Ash, char, fluid bed 

material 
Erosion Cyclone, ceramic filter  

Alkali metals Sodium and potassium 
compounds 

Hot corrosion, catalyst 
poisoning 

Water quench cooler 

Nitrogen compounds NH3, HCN Emissions Water washer 
Tars Refractive aromatics Clogging of filters Water scrubbing , filter 
Sulfur, Cl H2S and HCl Corrosion, emissions, 

catalyst poisoning 
H2S absorption 

 

Table 4.1.3 Typical raw gas composition from wood gasifier (850 °C, atm, air, CFB) [84] 

Main constituents, vol% db  Impurities, mg/m3  
Formula Value  Type Value  
CO 18  NH3 2200  
H2 16  HCl 130  
CO2 16  H2S 150  
H2O 13  All COS, CS2 , HCN, HBr <25  
N2 42  Dust, ash 2000  
CH4 5.5     
Tar 0.12     
db dry basis 
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The general syngas cleaning process can be processed through different cleaning units, such as water 
quench and cooler are used to remove particles (dust, ash ,soot) and volatile alkali metals, water 
scrubbing and filter are used for removal of tars. [84]  

Figure 4.1.4 is showing different gas cleaning processes: 

 

Figure 4.1.4 Gas cleaning system for cold gas, partial hot gas and hot gas [82] 

However, limited impurities content has been reported currently because of target contaminant 
itself and operation conditions, but it has been mentioned in a review report [82] that the syngas 
contaminants from biomass gasification is generally lower than from coal gasification due to low S 
and ash of most biomass.   

4.1.2 Gasification in Sweden 
Gasification still is on its way to commercial use in Sweden. Several demonstration plants are running 
(Södra Cell in Värö, VVBGC in Värnamo) or are under construction (GoBiGas in Gothenburg, Cortus in 
Köping). Syngas produced from Cortus AB and Södra Cell is combusted in limekilns. The GoBiGas 
project manged by Göteborg Energi is aimed at a commercial gasification plant until 2020.  

Göteborg Energi 

The biomass gasification project GoBiGas, constitutes an investment of 222 MSEK, partly funded by 
Swedish Energy Agency. Göteborg Energi together with E.ON carries out a project, which started 
from 2005. The gasification plant is aimed to use at least 65% biomass for biogas, realizing 
commercial gasification and delivering 1 TWh biogas by 2020.  

GoBiGas project consists of two phases. The first phase about 20 MW gas is planned to be 
operational in 2013 and the implementation was started in Rya harbor January in 2011. The 
consumption and production has been estimated for phase 1 [85], which will consume 32 MW wood 
pellets, 3 MW electricity and RME (bio-oil) and generate 20 MW biomethane, 5 MW district heating 
and 6 MW heat to heat pumps. The second phase about 80-100 MW is supposed to be in service in 
2016 and will be built on a nearby plot of land with access to harbor. The first stage began with wood 

Cold gas cleaning
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pellets, and then comes to wood chips and forestry residues (Grot), which will primarily be obtained 
regionally, then dried and prepared in the plant.  

The idea for GoBiGas is producing biomethane (Bio-SNG) by thermal gasification of forestry residue 
such as top and branches, roots, woodchips. After drying, the biomass is converted into combustible 
syngas in the gasification plant. Then it is further processed, purified and upgraded in a methanation 
plant to biogas, which makes it possible to mix with natural gas. Distribution is finally done via the 
natural gas grid; the whole process is shown in Figure 4.1.5. The gas composition is given in Table 
4.1.4. Process consists of an indirect gasification technique developed from Austrian company 
Repotec and the technique for methanation gasification from the Danish Haldor Topsøe. The 
research facility for indirect gasification is invested and constructed based on an existing biofuel 
boiler, in connection with circulating fluid bed technology from Chalmers University of Technology.  

 
Figure 4.1.5 Process flow chart of GoBiGas [85] 

Table 4.1.4 Syngas from GoBiGas  

Component Value, vol% 
Hydrogen (H2) 40 
Carbon monoxide (CO2) 25 
Carbon dioxide (CO) 20 
Methane (CH4) 10 
Higher hydrocarbon (C2H4) 5 
 

Cortus AB 

Cortus AB is a company, which sells renewable, cost efficient and carbon neutral fuel gas to industry. 
Cortus has developed a patented gasification technology - WoodRoll® that involves drying, pyrolysis 
and gasification in the process, shown in Figure 4.1.6. The gasification step of WoodRoll® has a high 

http://www.topsoe.com/
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thermal efficiency of 80% and a high quality syngas is generated due to decomposition of nearly all 
tars and hydrocarbons. It has wide range of feedstock, such as recycled woods, sludge etc. 

In the process, biomass is fed into an open pocket and transported into the dryer. The dryer is 
indirectly heated and smoothly drying the biomass continuously. Heat is generated by combustion of 
part of the pyrolysis gas from the next step. In the pyrolysis reactor, the dry biomass is thermally 
decomposed into solid char and pyrolysis gas. In the pyrolysis gas, tar and volatile are carried out of 
the system. Combustion for indirectly heating of the gasifier is done in multiple set of single ended 
recuperative burners fed with pyrolysis gas. The burner material is designed for high temperature 
and reducing atmosphere. The gasifier is fed with char from the pyrolysis and steam. The heat 
needed for the gasification comes from the radiating tubes of the burners. Pure synthesis gas is 
produced without any nitrogen. Heat of the produced synthesis gas is used for boiling incoming 
water to steam. Compressed syngas is used when an elevated pressure is required [86]. Table 4.1.5 
shows the syngas analysis from Cortus. 

 

Figure 4.1.6 WoodRoll® integrated process in Cortus AB 

 Table 4.1.5 Syngas from WoodRoll® woodroll process by Cortus, compared to GoBiGas [82] 

Compound Value, vol% 
 Cortus Gobigas 
Hydrogen (H2) 55 40 
Carbon monoxide (CO2) 30 25 
Carbon dioxide (CO) 14 20 
Methane (CH4) 1 10 
Higher hydrocarbons (e.g. C2H4) 0 5 
 

With financial support from Swedish Energy Agency, a 5 MW plant was built in Köping (Sweden), the 
facility was planned to expand to 25 MW after two years. The market target for plant in Köping is to 
supply biogas to the Nordkalk limekiln factory in Köping, Sweden, see Figure 4.1.7. Before the 
construction of plant in Köping, The Swedish Energy Agency was also supporting another 500 kW 
scale plant with cooperation of Torkapparater AB, Concordance AB, AGA Gas AB, ÅF and Sandvik 
Heating Technology [87]. 



  

    
  

   69 
  

 

Figure 4.1.7 Process flow of WoodRoll® integrate system to limekiln [82] 

Södra Cell, Väro 

The CFB-gasifier with a capacity of 28 MWth was delivered by Götaverken (now Metso Power). The 
plant has been in operation since 1987 under the oil crisis background. Syngas is used to replace oil in 
limekiln. Table 4.1.6 presents the details of the installed gasification plant in Värö with Metso 
gasifier. 

Table 4.1.6 Commercial gasification plant in Värö [88] 

Property Value, unit 
Capacity 35 MW 
Total height 30 m 
Outer diameter 3.5 m 
Fuel Dried bark, 10% moisture content 
Pressure 10 kPa 
Bed temperature 800 °C 
Bed material Dolomite/ Limestone 
Product composition 15 %CO, 15 %H2, 15 %CO2, 5 %CH4 
LHV of the gas  6-7 MJ/kg 
 

Division of Energy and Furnace Technology, KTH 

Anna Ponzio from KTH has done experiments with a facility shown in Figure 4.1.8, a 0.5 MW thermal 
size up-draft gasifier. In the system, air was supplied to the system by an air blower. Preheated steam 
is introduced into the air supply line. The agent temperature is heated to over 1473 K by a 
regenerative preheater. Table 4.1.7 shows the syngas analysis from the experiments. 
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Figure 4.1.8 Scheme of the large scale facility at KTH [89] 

Table 4.1.7 Comparison of syngas from different feedstock [89] 

Syngas property, unit Feedstock 

 Wood pellets Bark Wood chips Plastics Refuse derived fuel 

Feed gas temperature, °C 350 700 830 900 900 
Feed gas flow, Nm3/h 50 50 50 53 56 
Fraction of steam in the 
gasifying agent, vol% 

0 0 0 52 53 

LHV, MJ/Nm3 6.9 8.2 8.7 8.9 8.8 
H2, vol% 10.6 13 13.2 21.8 22.3 
CO, vol% 30 31.4 30.1 24.4 20.9 
CH4, vol% 3.2 3.6 4.1 3.8 4.4 
CO2, vol% 6 9 12.6 16.1 18.6 
CxHy (x>1), vol% 0.5 1.3 1.7 1.7 1.8 
 
Others 
 
Table 4.1.8 presents some existing thermal gasification plants. In Sweden, syngas from gasification 
plants can either be consumed in internal plants such as limekilns, or used for production of a series 
of refined products such as methanol, Dimethyl-Ether (DME) and synthetic natural gas (SNG). In 
addition to earlier mentioned plant in Göteborg Energi, which owns 1000 GWh annual capacity after 
commercialization, Bio2G is another gasification plant based on forestry products. The project is 
conducted by E.ON and the production capacity is 1600 GWh biogas product [90]. 
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Table 4.1.8 Existing thermal gasification plants [91] 

Company Size Comment Final product Operation 
start year 

Södra Cell, Värö Max 40 
MW 

Bark carburetors Syngas 
combusted in 
limekiln 

1987 

VVBGC, Värnamo 18 MWth Pilot plant. Project ¨Chrisgas¨ 
started in 2004 and ended in 
February 2010. At present no 
activity in plant 

Electricity from 
the beginning, 
syngas during 
Chrisgas project  

1996 

Early Chemreca, 
Piteå 

3 MWth Pilot plant , developed from 
black liquor gasification plant 

Syngas 2005 

Chalmers, Göteborg 2 MWth Pilot plant, indirect gasification 
with existing bio boiler  

Syngas 2008 

Early Chemreca, 
Piteå 

 Completed from existing black 
liquor gasification plant with a 
DME pilot plant  

1800 ton DME 2010 

E.ON (Bio2G), 
Malmö  

200 MW Commercialize after 2-3 years. 
E.ON has postponed building 
the plant. Today the financial 
aspect is not clear. 

Biogas Early 2015 
assuming 
a granted 
license 

Värmlandsmetanol, 
Hagfors 

100 MW Commercial plant Ca 100 kton 
methanol/year 

 

ETC (BEPG), Piteå     
MEVA Energy, 
Hortlax 

4.5 MW VIPP Vortex Intensive Power 
Process, cyclone gasification 

CHP, 1.3 MWe 
2.4 MWth 

2012 

a Now (2013) owned by LTU Green Fuels, Luleå   

4.1.3 Status of syngas in iron reduction  
Syngas (CO, H2) and upgraded biogas (CH4) can be used in blast furnace as injection fuel. Natural gas 
is possible to use as either as co-injectant of PC or converted to hot reducing gases. Both solutions 
are proven able to reduce consumption rate of coke and PC. A Japanese research group [92] has 
done some experiments on this. Wood material is injected and gasified in an induction furnace 
(Figure 4.1-9) at elevated temperatures 1673-2073 K under argon environment to investigate the 
gasification reactions within the tuyere zone in a blast furnace. 
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Figure 4.1.9 Experimental set-up [92] 

The group concluded the possibility, both by experimental and thermodynamic results. The 
combined gaseous products CO and H2 can reach 95% of the total gas volume derived from 
gasification of Japanese cypress chips. The performance of reduction is evaluated through a wood+ 
Fe2O3 mixture by the same experimental apparatus. It is found that the increase of C/O ratio of 
wood+Fe2O3 has positive effect on Fe reduction. The emission of CO2 is possible to lower by 
increasing the C/O atomic ratio as well as temperature. 

Another group from China, Luo et al [93] also carried out reduction of wood+Fe2O3 briquette in a 
cyclone furnace to study the possibility of using reducing gas from biomass gasification for iron 
making. The result of influence of carbon content and temperature on iron reduction is in accordance 
with the Japanese group. The higher fixed carbon content contributes to direct reduction and 
Boudouard reaction, which favors iron reduction. It is also found higher Si and Ca contents after 
reduction reactions that may result from low reaction temperature and can lead to difficulty in slag 
separation in process. 

4.2 Anaerobic digestion 
Biogas can be derived from anaerobic digestion of organic materials such as manure, sewage sludge 
and solid waste. Microorganisms decompose these organic materials in the absence of oxygen and 
the end product is biogas containing 60-70% methane and 30-40% carbon dioxide, as well as small 
amount of N2, O2, H2S, and NH3 etc.  

 

Figure 4.2.1 Flow of anaerobic digestion production process 
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4.2.1 Anaerobic digestion processes 
Biogas can be upgraded through gas cleaning process, as indicated in Figure 4.2.1. Cleaning 
technologies are generally used to separate CO2 together with other contaminants in biogas in order 
to obtain high purity methane gas , even as high as 99%. The concentration of impurities in biogas 
depends on the feedstock. It consists mainly of CO2 and small amounts of H2S, N2, O2, NH3, siloxanes 
and particles. Pressure swing adsorption (PSA) is one of the biogas upgrading technologies to 
separate CO2 under specific pressure, but this measure requires extra removal of hydrogen sulfide, 
for instance precipitation , adsorption. Water scrubbing is based on the solubility of CH4 and other 
impurity gases. Cryogenic upgrading technology is a relatively complex process but can produce high 
purity (~99%) liquefied biogas (LBG). The following Table 4.2.1 gives comparisons of some selected 
parameters such as methane and heating value between different upgrading processes. 

Table 4.2.1 Comparison between different upgrading process, PSA (Pressure swing adsorption), WS (Water scrubbing), 
OPS (Organic physical scrubbing), CS (Chemical scrubbing) [94] 

Property, unit Upgrading process 
 PSA WS OPS CS 
Pre-cleaning needed Yes No No Yes 
Operating pressure, bar 4-7 4-7 4-7 No pressure 
Methane loss, vol% <3%/6-10% <1%/<2% 2-4% <0.1% 
Methane content in upgraded gas, vol% >96 >97 >96 >99 
Electricity consumption, kWh/Nm3 0.25 <0.25 0.24-0.33 <0.15 
Heat requirement, °C No No 55-80 160 
 

4.2.2 Anaerobic digestion in Sweden 
In 2011 the total digested biogas production in Sweden is about 1,473 GWh, produced from 233 
anaerobic digestion plants, shown in Table 4.2.2. Of all the 1473 GWh produced biogas, more than 
half of the production is located in Skåne, Stockholm and Västra Götaland. 50% of the biogas was 
upgraded into biomethane and applied to transportation vehicles, 38% was used for heat production 
and 3% went to the electricity generation.  

Table 4.2.2 Biogas plants in Sweden in 2011 [95] 

Plant type Number of 
biogas plants  

Reactor volume, 
m3 

Biogas 
production, 
GWh/year 

Distribution% 

Sewage 135 338018 638 43 
Co-digestion plants 19 112699 416 28 
Farm biogas plants 19 16775 20 1 
Industrial facilities 5 54200 129 9 
Landfills 55 n.a. 270 18 
Total 233 521692 1473 100 
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Co-digestion plants 

Co-digestion plants use mixed organic materials as feedstock, such as food waste, crops and waste 
products from the food industry. The versatility of such plants helps ensure best profitability which 
depends on several factors. An important factor is access to substrates. Some substrates, such as 
slaughterhouse waste, have a competitive market due to the high-energy content. The biogas 
produced for vehicle fuel is mainly affected by gasoline price. Depending on the agreement of the 
facility with waste management companies, energy companies and other actors, the plant can 
optimize for profitability. Table 4.2.3 shows an example come from Helsingborg. 

Sewage plants 

At the beginning biogas produced from sewage aims to reduce the sludge amount produced by water 
treatment. There are about 2,000 plants in Sweden but biogas production occurs only in about 135 
pieces. This is partly because many of the country's sewage are small, and for these, it has not been 
economically feasible to build out for biogas production. The biogas is traditionally used to heat 
buildings. In recent years, an increased interest in upgrading the biogas to vehicle fuel quality at 
several of its plants has been noticed. Table 4.2.3 describes a sewage plants in Stockholm. 

Farm based biogas plants  

Most commonly, the farm-based biogas is used for heating the farm buildings. During warm periods 
of the year, they are used to reduce the heat demand while gas production is constant. Some plants 
exploit the ability to produce electricity from biogas. The electricity produced is used internally in the 
yard or sold into the national grid. Table 4.2.3 shows a biogas plant in Alviksgården, Norrbotten 
(Sweden). 

Industry biogas plants 

Today there are five biogas plants in Sweden, which digest only waste and process water from 
industrial manufacturing. Energy intensive activities in industry require large volumes of fuel and 
biogas is an environmental friendly and cost effective alternative to fuel oil, both for heating and for 
producing electricity. Table 4.2.3 gives the description of industry biogas plants. No large biogas 
plants supply steel plants yet. 
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Table 4.2.3 Examples of digestion plants in Sweden [90] 

Aspect, unit Plants by region 
 Helsingborg Stockholm Norrbotten Umeå 
Plant type Co-digestion Sewage Farm based        Industry 
Establishing, year 1996 1941 2000 2005 
Digester size, m3 2 x 3000, 1 x 1000 38 400 1300 2 x 2500 
Process temperature, °C  37 35-37 50 36 
Established upgrade, year 1997,2002,2007 2003   
Upgrading type PSA and water Water wash   
Total investment, MSEK 120  99 20  90  
Substrate source Process food 

waste, pig manure 
and pumped waste 

Sewage 
sludge  

Pig manure and 
slaughterhouse 
waste 

Process 
water and 
milk residues 

Amount of substrate, ton 74 000  780 000 17800 8 000 
Upgraded biogas, MWh 36 000     
Biofertiliser, ton 68 000  48 000  
From biogas plant, MWh  59 700 9 600 22 000 
To the electricity, MWh   4300  
To the heating, MWh   5300  
 

4.2.3 Characteristics of digested biogas in Sweden 
Biogas amount and methane concentration relies on the substrate type as listed in Table 4.2.4 Note 
that the yields in the table below, the methane potentials are measured in the laboratory and 
therefore are higher than the yields expected during continuous biogas production in large scale. 

Table 4.2.4 Effect of substrate type on biogas yield and methane concentration [96] 

Substrate Dry matter, Biogas production  CH4, 
 wt% m3/ton dry m3/ton wet  vol% 
Sludge from wastewater treatment 5 300 15  65 
Fish offal 42 1279 537  71 
Straw 78 265 207  70 
Source separated food waste 33 618 204  63 
Cattle slurry 9 244 22  65 
Potato tops 15 453 68  56 
Slaughterhouse waste 
(stomach/intestinal contents) 

16 575 92  63 

Pig slurry 8 325 26  65 
 

The methane and impurity content in biogas determines the gas quality as fuel, as illustrated in Table 
4.2.5. The price of biogas in 2012 including tax is 675 SEK/MWh [97]. 
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Table 4.2.5 Biogas quality compared with natural gas in Sweden [96] 

Property Unit Gas   
  Landfill gas Digestion gas Natural gas 
LHV MJ/Nm3 16 23 39 

kWh/Nm3 4.4 6.5 11.0 
MJ/kg 12.3 20 48 

Density kg/Nm3 1.3 1.1 0.82 
Relative density - 1.1 0.9 0.63 
Wobbe index MJ/Nm3 18 27 55 
Methane  >130 >135 73 
Methane vol% 45 65 90 
Methane variation vol% 35-65 60-70 85-92 
Higher 
hydrocarbons 

vol% 0 0 9 

H2 vol% 0-3 0 - 
CO2 vol% 40 35 0.7 
CO2 variation vol% 15-40 30-40 0.2-1.5 
N2 vol% 15 0.2 0.3 
N2 variation vol% 5-40 - 0.3-1.0 
O2 vol% 1 0 - 
O2 variation vol% 0-5 - - 
H2S ppm <100 <500 3.1 
H2S variation ppm 0-100 0-4000 1.1-5.9 
NH3 ppm 5 100 - 
Cl- mg/Nm3 20-200 0-5 - 
 

4.3 Chapter summary 
The possibilities of using gas from biofuel in blast furnaces include injection and co-firing with natural 
gas. Natural gas from biomass sources can be generated from either thermal gasification or 
anaerobic digestion. As Table 4.3.1 shown, the upgraded gas products SNG and biomethane can have 
methane yield more than 90%, energy content is around 39 MJ/Nm3. According to the statistics of 
biogas production in 2011, of the total 1.473 TWh produced biogas, 50% is upgraded. Based on 50 
planned and ongoing biogas projects, Swedish biogas production can reach 3 TWh in 2015. This 
includes both biogas from anaerobic digestion and from thermal gasification [90]. 

Advantages of gas fuel is less quality requirement of raw biomass, it can be solid waste from forestry, 
agriculture and city, as well as liquid waste such as sewage. However, from the economical concern it 
is not beneficial to utilize gas biofuel, for instance, installation of gasification facility, transportation 
and storage of pressurized gas products, extra refining procedure after raw gas and so on. All these 
consideration may lead to a high investment for integration technology or combusting biomass based 
fuel gas. 
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Table 4.3.1 Upgrading technologies for gas biofuel in Sweden 

Parameter Upgrading technologies 
 Gasification Anaerobic digestion 
Final product Biomethane Biomethane or upgraded biogas 
Process temperature 500-1400 °C ~37 °C 
Methane yield of product 85-92% >90% 
Source Göteborg Energi, E.ON 233 digestion plants 
Production 1 TWh (2020) 0.737 TWh (2011) 
Status Demonstration, commercial in 2015 Commercial 
Price  - 695 SEK/MWh [97] 
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Chapter 5. Upgrading technology for liquid biofuels 

5.1 Fast pyrolysis 

5.1.1 Fast pyrolysis technology 
Fast pyrolysis is a thermal conversion process, which is used to produce a liquid product. Byproducts 
of fast pyrolysis process are solid char and syngas. The general composition of fast pyrolysis products 
are 60-75 wt% of liquid pyrolysis oil, 15-25 wt% of solid char and 10-20 wt% of non-condensable 
gases [98]. Pyrolysis oil can be used, with some precautions, in boilers and furnaces as an alternative 
to fuel oil or with proper upgrading in turbines and in diesel engines. Additionally, it is an increasingly 
important source of chemicals such as methanol and acetic acid. It can also be co-fired with 
conventional fuels, such as coal, to minimize problems of the fuel. Figure 5.1.1 is a simple process 
flow of fast pyrolysis. 

 

Figure 5.1.1 Flow of production of pyrolysis oil through fast pyrolysis 

Biomass feedstock is rapidly heated at high temperature in an oxygen free environment. The 
structure of biomass is decomposed into vapor, liquid aerosols, solid char and non-condensable. The 
char can be separated directly and the non-condensable gases can be separated by cooling, the 
remaining product is a dark brown liquid called pyrolysis oil. There are five essential characteristics of 
pyrolysis oil production [99]: 

1. A high heating and heat transfer rate is used in the process, which usually required a finely 
ground biomass feed (<3 mm) 

2. In order to get maximum liquid yield, the pyrolysis reaction temperature should be carefully 
controlled around 500 °C 

3. Short vapor residence time (<2 s) to minimize secondary reactions 
4. Rapid separation of solid char which will minimize cracking of vapors 
5. The pyrolysis oil product is generated by rapid cooling of the pyrolysis vapors 
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Figure 5.1.2 illustrates the relationship between scale and different feed costs range from 0 to 80 
euro/ton.  

  

Figure 5.1.2 Bio oil production cost [99] 

Fast pyrolysis 

At present, several reactors such as bubbling fluid beds (BFB), circulating fluid bed (CFB), rotating 
cone can be used for fast pyrolysis process. Some reactors can even recycle use by product, pyrolysis 
char, as process heat supplier, which is able to improve the energy efficiency of the technology. 

BFB 

This reactor is regarded as a reliable reactor for production of pyrolysis oil. It is simple in construction 
and operation, good temperature control and efficient heat transfer. Figure 5.1.3 (a) is shows a 
configuration of this reactor. This type of reactor requires a biomass particle size of less than 2-3 mm 
and can achieve 70-75% liquid yield. Heat can be applied in fluid bed in various ways and average 
particle residence-time is 2-3 s. This technology may have difficulty to scale up due to heat transfer. 
Vapor and solid residence time is controlled by the carrier gas flow-rate. Fast and effective removal 
of char from process is of importance due to the catalyze function for vapor. Char from this type of 
reactor is typically 15% of the products and 25% of the energy of the biomass feed. It can be used to 
supply process heat or separated as fuel.  

CFB 

Circulating fluidized bed, see Figure 5.1.3 (b), has characteristics of high heat transfer and short vapor 
residence time. In this reactor, a second char combustion reactor are used. The second reactor can 
use combustion heat to re-heat circulating sand but also brings challenges of sand transport and 
temperature control in the system. Compared to bubbling fluid bed, the particle residence time is 
even shorter, 0.5-1 second, which consequently have much smaller biomass particle (1-2 mm) in size. 
Lager feed may also influence liquid yield due to incomplete pyrolysis reaction. [100]  
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Ensyn has a ENEL plant in Italy with size 650 kg/h, some other units have been set up in USA, and 
their R&D center in Renfrew in Canada has a unit with planning production of 1000 t/d. [99] 

Rotating cone 

Figure 5.1.3 (c) is a rotating cone pyrolysis reactor and integrated process. The demonstrated yield is 
60-70%. It already has a 250 kg/h unit now; a scale up unit was commissioned in Malaysia with a size 
of 50 t/d, with a 120 t/d plant at the planning stage. This integrated process consists of a rotating 
cone, a bubbling bed for char combustion and transport of sand back to the reactor, which is 
relatively complex. 

 

Figure 5.1.3 (a) Bubbling Fluid Bed, BFB (b) Circulating Fluid Bed, CFB (c) Rotating cone [99] 

Others 

Ablative analysis does not have reaction rate limitation, so larger particles can be used in this reactor. 
Vortex developed from NREL (USA) is one of the examples which can accept 20 mm particle size and 
has a yield of 65% [100]. Entrained flow is relative simple and has lower yield of 50-55% due to poor 
heat transfer to solid particles. Vacuum pyrolysis was developed by University of Laval and Pyrovac in 
Canada. The process is operated at 450 °C and 100 kPa with a liquid yield of 35-50%, it was complex 
and costly due to the need for large vessels and piping. Screw reactor is suitable for feed materials 
that are difficult to handle. The product from screw reactors sometimes separates into two phase, 
which is a problem made worse by longer residence time and contact with char [99]. 

Pyrolysis oil upgrading 

Pyrolysis oil features high oxygen content, high solids content, high viscosity and chemical instability, 
which makes it not directly compatible with conventional fuels. It can be upgraded through physical, 
catalytic and chemical ways.  

Physical upgrading  

Hot vapor filtration is one of the methods which can improve the fuel quality by reducing ash content 
and alkali content to less than 0.01% and 10 ppm [99]. Hot filtered oil has shown promising potential 
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in comparison to crude oil during a diesel engine test. Mainly since the burning rate was increase and 
a shorter ignition delay diesel engine tests. Polar solvents such as methanol can be used as additives 
in the liquid to lower the viscosity and improve the stability.  

Catalytic upgrading 

Na and K from ash are influential to liquid yield and liquid. It is of essence that selecting the 
feedstock as well as water and acid removal. Combine with catalytic upgrading methods such as 
hydro treating, catalytic vapor cracking, it can help to upgrade pyrolysis oil to a conventional 
transport fuel such as diesel, gasoline etc. Hydro treating is a method using hydro process to reject 
oxygen as water by catalytic reaction with hydrogen. The process is usually operated under high 
pressure, 20 MPa, and moderate temperature (400 °C) [99]. Hydro treating requires a substantial 
hydrogen source in order to remove oxygen as water. Zeolite cracking is also a method to minimize 
oxygen content in pyrolysis oil but the difference is rejecting oxygen as CO2. Integrated catalytic 
pyrolysis is a combination of catalysis with fast pyrolysis for deoxygenation. It has less flexibility in 
operation conditions due to requirement of temperature and sufficient robust catalyst.  

Chemical upgrading 

Mild cracking is an alternative to the usual zeolite based cracking, which is possible to minimize coke 
and gas formation. Esterification can improve pyrolysis oil properties such as water content, acidity, 
stability and reactivity. Aqueous phase reforming is aiming to upgrade pyrolysis oil for hydrogen and 
alkanes.  

5.1.2 Characteristics of pyrolysis oil 
The liquid bio oil can be used as a replacement of petroleum, diesel and fuel oil. Table 5.1.1 has 
shown a comparison of properties of bio oil and fuel oil. As the value indicates the heating value of 
pyrolysis oil is only half of the other two fuel oils, pyrolysis oil has advantages by emitting low 
amounts of NOx and SOx in turbines. 

Table 5.1.1 Quality comparison of bio oil with other two fossil fuel oils 

Property, unit Comparison 1, ref. [101]  Property, unit Comparison 2, ref. [102]  
 Pyrolysis oil Heavy fuel 

oil 
  Pyrolysis 

oil 
Heavy 
fuel oil 

Light fuel 
oil 

Moisture content, wt% 15-30 0.1  Heating value, MJ/kg 16.5 40.9 42.3 
Acidity, pH 2.5 -  Viscosity, cSt @50°C 7 50 4 
Specific gravity 1.2 0.94  Viscosity, cSt @80°C 4 41 2 
Elemental analysis, wt%    Ash, wt% <0.02 0.03 <0.01 
C 54-58 85  S, wt% Trace 0.5-3 0.15-0.5 
H 5.5-7 11  N, wt% Trace 0.3 0 
O 35-40 1  Pour point, °C -33 -18 -15 
N 0-0.2 0.3  Turbine NOx, g/MJ <0.07 N/A 1.4 
Ash 0-0.2 0.1  Turbine SOx, g/MJ 0 N/A 0.28 
Solid wt.% 0.2-1 1       
Distillation residue wt.% Up to 50 1      
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The most significant difference compared to fossil oils is: 

High oxygen content 

The high content of oxygen is from different compounds as biomass structure, for example water 
and hydroxyaldehydes. High oxygen content is the main reason, which leads to a different oil quality, 
such as less than 50% energy value than conventional fuel oil, the instability of bio oil. 

High Water content 

Because of water content in raw biomass, as well as formed in dehydration reactions during 
pyrolysis. Water content varies with biomass feedstock and operation condition. On one side, the 
presence of water lowers the oil heating value and flame temperature. On the other hand, it can 
reduce oil viscosity and decrease the combustion rate and NOx emission in some way than diesel 
which is favor to combustion. 

Wide range viscosity 

Pyrolysis oil has a wide range of viscosity, for instance 35-1000 cP at 40 °C, which is relying on 
feedstock and pyrolysis condition. The viscosity can be significantly lowered by increasing 
temperature, so it is possible to preheat very viscous bio oil to avoid the problem of pumping and 
atomization. 

Corrosiveness 

Pyrolysis oil has characteristics of acidic liquid which is indicated by the low pH value, and hence 
requires certain storage equipment. For instance, stainless steel, plastic etc. which are resistant to 
acidic corrosion can be used to made pyrolysis oil fuel storage tanks. This leads to an extra 
commercial investment for application of pyrolysis oil.  

Lower gas pollution 

Compared to other fuel oil, bio oil contains low sulfur and nitride content and can lead to a lower 
pollution of NOx and SOx, as Table 5.1.1 shows the content of NOx and SOx is much lower than fuel 
oil. 

5.1.3 Fast pyrolysis in Sweden 
In Sweden, pyrolysis oil has not been commercialized. There are currently two research groups 
working on the development of pyrolysis oil, Division of Energy and Furnace Technology (KTH) and 
Energy Technology Center (ETC).  

KTH Division of Energy and Furnace Technology 

Kantarelis et al [103] has conducted steam pyrolysis of a pine and spruce wood mixture in a fluidized 
bed. The biomass in the experiment is provided by SCA BioNorr. The experiment involves a fluidized 
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bed reactor with silica sand (SiO2) as bed material, shown in Figure 5.1.4. Preheating gas is worked as 
heat supply and biomass is fed in 2-stage feeder. Char is separated in the cyclone. The condensed 
liquid is collected and cooled by a Venturi Scrubber. The exit gas is less than 30 °C. N2 gas is injected 
during process in order to maintain overpressure to avoid steam entering the biomass feeding line. A 
micro GC was used to analyze flue gas O2, CO, CO2. The liquid was analyzed by HP6890 gas 
chromatograph with micro flow splitter and HP5972 mass spectrometer under constant He flow.  

 
Figure 5.1.4 Experimental facility 

 
In the experimental tests, the vapor residence time was less than 3 seconds. Under the operating 
temperature of 500 °C (which is the typical temperature for maximum liquid yield) the effect of 
steam was evaluated. Three different steam to biomass mass ratios (S/B) were used, namely 0.34, 
0.5, 0.67 (kg steam/kg as received biomass) and compared with conventional N2 pyrolysis (S/B = 0). 
Table 5.1.2 shows product yield for S/B = 0.5 together with the analysis of oil. 

Table 5.1.2 Analysis of char, gas and liquid with different steam to biomass mass ratio (S/B=0.5) [103] 

Analysis Parameter, unit Value 
Total yield Liquid, %wt db 41.6 
 Char, %wt db 18.18 
 Gas, %wt db 22.65 
Liquid analysis C, wt% db 62.39 
 H, wt% db 7.58 
 O, wt% db 30.03 
 HHV, MJ/kg 25.96 
db dry basis 

Pyrolysis char as a byproduct can be used as solid fuel; it is further analyzed regarding the request 
from fuel in blast furnace, as shown in Table 5.1.3. 

 

 



  

    
  

   84 
  

Table 5.1.3 Quality analysis of pyrolysis char from KTH, for S/B = 0.5 [103] 

Analysis Parameter, unit Value 
Proximate analysis Moisture, wt% - 
  Ash, wt% db 1.65 
  Volitile, wt% db - 
  Fixed carbon, wt% db - 
  HHV, MJ/kg db  32.17 
Ultimate analysis C, wt% db 84.7 
  H, wt% db 3.1 
  O, wt% db 9.66 
  N, wt% db 0.89 
  S, wt% db <0.012 
  Cl, wt% db <0.02 
Ash composition Si, mg/kg ash 66700 
  Al, mg/kg ash 541 
  Ca, mg/kg ash 6060 
  Fe, mg/kg ash 3660 
  K, mg/kg ash 2810 
  Mg, mg/kg ash 903 
  Mn, mg/kg ash 732 
  Na, mg/kg ash 204 
  P, mg/kg ash 172 
  Ti, mg/kg ash 87.5 

db dry basis 

Energy Technology Center (ETC) 

Currently Energy Technology Center (ETC) in Piteå, Sweden is also involved in the development of 
pyrolysis oil in Sweden. The research facility for pyrolysis oil is a cyclone pyrolyzer, see Figure 5.1.5, 
which can produce pyrolysis oil from different types of biomass. The aim of the research project was 
to continuously produce 20 kg oil per hour with daily operation [104]. The information on pyrolysis 
oil production at ETC is limited at this stage; the contact person is Henrik Wiinikka. 
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Figure 5.1.5 Cyclone pyrolyzer at ETC [104] 

 

5.2 Chapter summary 
Nowadays the potential of bio oil has been recognized more than before; the production of pyrolysis 
oil is still in development phase in Sweden. Table 5.2.1 indicates, it is still in research stage and price 
is quite high. The most significant technical challenge is from heat transfer due to short reaction 
time, which has very high requirement of biomass size and reactor configuration. From an 
economical point of view, the future pyrolysis-oil market in Sweden will probably supply 
replacements for fuel oil and to some extent the diesel and petroleum feedstock for refineries. It is 
true that pyrolysis oil is less costly for storage and transportation compared to biomass, which has a 
low bulk density of 150 kg/m3. Liquid pyrolysis oil have nearly 10 times higher density, about 1.2 
kg/m3 [99]. However, the instability will also cause challenges in handling, the storage life is limited 
some heating is required for pumping.  

The main product pyrolysis oil can be sold as substitute for fuel oil or with certain treatment as 
feedstock for refinery upgrading to biodiesel. Pyrolysis charcoal with a yield around 22% (carbon 
content around 65-85%) are produced at the same time, which can serve as an additional added 
value for a fast pyrolysis plant, if it is used it in blast furnace for steelmaking. 

Table 5.2.1 Fast pyrolysis for bio oil in Sweden 

Upgrading technology Fast pyrolysis 
Final product Bio oil 
Process temperature °C ~500 
Liquid yield % 60~75 
Source KTH, ETC 
Status Research, lab 
Price SEK/MWh 540 [105] 
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Appendix A - Questionnaire 
Instruction 

Iron- and steelmaking is an energy intensive industrial sector using mainly coal as the heat 
source and reduction agent. Reducing CO2 emissions in the steel industry will require gradual 
substitution of fossil fuel with suitable materials derived from renewable sources such as 
biomass. 

Questionnaire targets are Swedish biomass product supplier, such as SCA AB, Sveaskog AB etc. The 
questionnaire is created and conducted by Division of Energy and Furnace Technology at Institute of 
Technology (KTH). 

This questionnaire is prepared for data collection about different biomass products in Sweden. 
Following biomass products have been considered and investigated in this questionnaire: 

• Raw biomass 
• Upgraded biomass 

o Solid biomass 
      -Torrefied biomass 
      -Steam exploded biomass 
      - Hydro Thermal Carbonization-HTC biomass  
      -Charcoal 
      -Lignin 

o Gas 
      -Synthetic gas-syngas from gasification 
      - Biogas 

o Bio liquid 

                                   -Bio oil from fast pyrolysis 

Questionnaire is covered different aspects of biomass products, not only products basic properties as 
energy  such as composition, heating value etc. ,but also including information about products 
supplier information like annual production of biomass product. The purpose is to investigate 
biomass product feasibility of replacing coal in blast furnace in iron-steelmaking industry. 
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Q1. Supplier: 

Q2. Biomass product name: 

Q3. Production_________ ton/year, Production Capacity_________ ton/year 

Q4. Product price _________ kr/ ton 

Q5. Raw materials (fill in table 5, focus on forestry resource) 

Table 5 

Raw 
Material 

                                                            Type of Wood Composition 
Wt.% 

 Pine Spruce Beech Oak Poplar Birch Other    
Stump           
Bark           
Chips           
Sawdust           
Tops and 
branches 

          

           
 

Q6: Biomass product categories: 

A. Charcoal   (fill in table 7-A) 
B. Torrified material  (fill in table 7-A) 
C.  Lignin from bio refinery (fill in table 7-A) 

D.    Biogas   (fill in table 7-B) 

E.    Gasification gas (fill in table 7-B) 

       F.    Bio-oil, Fast pyrolysis (fill in table 7-C) 
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Q7. Technical properties of biomass products 

Table 7-Properties for Category A/B/C 

   
 

Bulk Density LHV Strength Size range 

(kg/m3) (MJ/kg) N/cm2 mm 

   
 

 

Proximate analysis 

Fixed Carbon Ash Volatile Matter 
 

        Moisture 

wt. % db. wt%db wt%db 
 

Wt.% 

   
 

 

Ultimate analysis 
C H O N S Cl 

wt.% wt.% wt.% wt.% wt.% wt.% 
            
 

Ash Content 
CaO MgO Na2O K2O Fe2O3 P2O5 SiO2 Al2O3 TiO2 
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 
                  

 

Other heavy metals 
Mo Cr V Mn Co Cd   

ppm ppm ppm ppm ppm ppm   
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Table 7-B Properties for Category B 

LHV  Moisture 
(MJ/Nm3) vol% 
    

 

Gas Composition 
CO  H2 CH4 CO2 N2 O2 H2S NH3 HCl Tar   

vol% vol% vol% vol% vol% vol% ppm ppm ppm g/Nm3   

                     
 

Ca Mg Na K Fe P Si Al Ti  

wt% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%  

                   

Hg Pb Cd Mn Co Sb Be As Cr Ni 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
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Table 7-C Properties for Category C 

 

          
LHV pH Density  Viscosity  Flash point 
 (MJ/KG)   kg/m3 cSt (50 °C) °C 
          

 

 

Proximate analysis 

Fixed Carbon Ash Volatile Matter 
 

        Moisture 

wt. % db. wt%db wt%db 
 

Wt.% 

   
 

 

Ultimate analysis 
C H O N S Cl 

wt.% wt.% wt.% wt.% wt.% wt.% 
            
 

Ash Content 
CaO MgO Na2O K2O FexO3 P2O5 SiO2 AlaO3 TiO2 
wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 
                  

 

Other heavy metals 
Mo Cr V Mn Co Cd   

ppm ppm ppm ppm ppm ppm   
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Appendix B – Pellets survey 
Table A. Pellets producers survey by Svebio, 2012 (Cap.=capacity, Prod.=production, Production 2012 is based on the 
production goal of the plants) [18] 

 More than 100 000 ton/year Cap. 2011 Prod.2011 Cap.2012 Prod.2012 
1 SCA BioNorr, Härnösand 160 150 160 142 
2 Stora Enso Koppar 160 111 0 0 
3 Neova, Vaggeryd 110 108 110 100 
 Between 50 000- 100 000 ton/year Cap. 2011 Prod.2011 Cap.2012 Prod.2012 
4 Laxå Pellets, Laxå 118 95.2 125 100 
5 Lantmännen Agronenergi, Norberg 100 92.4 110 102 
6 Lantmännen Agronenergi,Malmbäck 100 92.3 100 95 
7 Lantmännen Agronenergi,Ulricehamn 100 91.7 100 92 
8 Skellefteå Kraft, Hedensbyn 130 87 130 80 
9 Bioenegi I Luleå, Luleå 105 82.5 105 95 
10 Stora Enso Gruvöns Sägverk, Gruvön 100 82 100 88 
11 Rindi Biobränsle, Älvdalen 70 60 70 70 
12 BooForssjö Energi, Forssjö 54 55 54 54 
13 Neova, Främlingshem 67 52.2 67 60 
14 Neova, Forsnäs 90 51.1 90 48 
 Between 25 000- 50 000ton/year Cap. 2011 Prod.2011 Cap.2012 Prod.2012 
15 Rindi Biobränsle, Vansbro 66 50 66 61 
16 Derome Bioenergi, Kinnared 70 44 70 55 
17 Pemco Träpellets, Säffle 40 35 40 35 
18 Skellefteå Kraft, Storuman 105 35 105 45 
19 Vida Energi. Hok 50 32 50 40 
20 Neova, Ljusne 40 29.4 40 37 
 Between 5 000-25 000ton/year Cap. 2011 Prod.2011 Cap.2012 Prod.2012 
21 Fågelfors Hyvleri, Fågelfors 25 21.5 30 28 
22 SCA Bio Norr, Stugun 19 18 19 18 
23 Mockfjärds Biobränsle, Mockfjärd 30 16 30 18 
24 Södra Skogsenergi, Långasjö 35 15 35 25 
25 Stenvalls Trä, Sikfors 30 15 30 20 
26 Stockhorvan Trä&Pellets, Hultsfred 20 12 20 16 
27 HMAB, Sveg 65 12 65 12 
28 Pajala Bioenergi, Pajala 18 10 18 12 
29 Klintpellets, f.d. MBAB, Överklinten 30 10 30 20 
30 Smålandspellets, Korsberga 30 10 30 0 
31 Ystad Pellets, Ystad 90 10 0 0 
32 Norrlands Trå, Älandsbro 12 8.5 12 9.5 
33 Ölmstad Träförädling, Ölmstad 8 7 8 8 
34 Helsinge Pellets, Edsbyn 65 6.4 65 40 
35 Bioenegi Böta Kvarn, Böte, Lpngemåla 12 6 12 8 
36 N T Pelletsfabrik, Bergkvara 10 4.5 10 3 
 Less than 5  000ton/year Cap. 2011 Prod.2011 Cap.2012 Prod.2012 
37 Alfta Skogstekniska, Alfta 3 3 3 3 
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38 Baseco Golv, Sorsele 1.3 1.2 1.3 1.2 
39 Bennsäters Sågverk AB, Eringsboda 3 1.7 3 1.7 
40 Bergom Såg, Matfors 1 0.2 1 0.2 
41 Bioagro Energy Österlen, Tommarp 10 1 10 1.5 
42 Bäckebrons Sågverk, Bäckbron 5 5 5.5 5.5 
43 Dagsnäs Gård, Bjurum 6 3 6 3 
44 Dalsjö Energi, Ankarsrum 5 3 5 3 
45 Dejetrå, Deje 0.5 0.1 0.5 0.1 
46 Falu Energi&Vatten, Falun 0 1.5 50 40 
47 Femett Pellets, Nordmaling 2 1.5 3 2.5 
48 Fredells Trävaru, Nacka 1.3 0.9 1.3 1.2 
49 Föllinge Golv, Föllinge 0.2 0.1 0.2 0.1 
50 Glommers Miljöenergi, Glommersträsk 6 3.6 6 3.5 
51 Gotlands Värmepellets, Klintehamn 5 3 5 3 
52 Hällefors Ekobriketter, Hällefors 3.5 3 3.5 3.5 
53 Hälleforsnäs Pellets& Hyvleri, Hälleforsnäs 5 4 5 5 
54 Hällerums Trävaru, Vimmerby 1.1 0.3 1.1 0.3 
55 JG Anderssons Söner, Linneryd 3.7 1.2 3.7 0 
56 Kastebergs Gård, Ljungby 2.5 1.5 2.8 1.5 
57 Killebergs Pelletsfabrik, Killeberg 1.5 0.75 1.5 0.75 
58 Knäredssågen, Knäred 3 2 3 2 
59 Korsberga Lantbruk, Hjo 0 0 0.5 0 
60 Kriminalvården, Anstalten Norrtälje 1 0.5 1 0.5 
61 Lantmännen Agroenergi, Insjön 12 2.9 12 3 
62 Lantmännen Lantbruk, Ystad 10 4 10 4 
63 Låppe Pellets, Läppe 0.3 0.15 0.3 0.15 
64 Nordupplands Pellets, Skutskär 3 0.7 0 0 
65 Nybro Pelletsfabrik, Nybro 6 2 6 2 
66 Olssons Bioenergi, Färila  2 1.5 2 1.5 
67 Pellets och Flis i Nässjö     
68 Plane Wood, Ljungbyhed 1.5 0.6 1.5 0.6 
69 PO Hiller Trävaror, Runhällen 2 1.3 2 1.3 
70 Prima Pellets, Norrträ, Krokom 1.7 1.1 1.7 1.3 
71 Pelletspressarna, Skephult 0.9 0.1 0.9 0.1 
72 Svenska Pellets, f.d. Nordanstigs Bioenergi, 

Strömsbruk 
10 2 10 2 

73 Sågverksassistance, Svanskog 4 1 4 2 
74 Sörsågens Byggross, Tibro 6 3.5 6 3.5 
75 Trä& Bygg I Lockne, Lockne 1 1 1.2 1.2 
76 Tålebo Pellets, Bolmstermåla     
77 Wasa Pellets Mora, f.d. Wasa Byggträ 10 1 10 1.5 
78 Wallströms Trävaru, Sandviken 1 0.1 1 0.5 
79 Weermlandsved i Höljes, Höljes 4 1 4 1 
80 Älvdals Bygg, Älvdalen 3 1.8 3 1.8 
 Total 2483 1685.5 2304.5 1747 
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