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Torrefaction is a process of thermal conversion of biomass. The properties of the 

torrefaction product, bio-coal, are comparable with brown coal. Therefore, this type of 

solid biofuel is a promising substitute for fossil coal. At present, there are several plants 

producing bio-coal with the torrefaction technology. However, there are many aspects of 

the technology and ways of implementation still under research. One of the least studied 

areas of torrefaction is steam torrefaction. In this work, the efficiency of the steam 

torrefaction unit was evaluated. The facility contains a dryer and a reactor. The heat 

source for the processes is saturated steam from an intermediate turbine of 500 MW 

turbine unit. The mathematical model was constructed and analyzed. The results showed 

that the percentage of heat energy use was 11% on average, and the fuel consumption 

ratio was 1.3. In other words, this configuration is ineffective. 90% of the energy is 

consumed in the drying process. This process should be carried out by another energy 

source. A suitable option is the flue gas from a boiler. 
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SYMBOLS AND ABBREVIATIONS 

Latin alphabet 

E Activation energy, J/mol 

h Enthalpy, kJ/kg 

k Reaction rate, s-1 

m Mass flow, kg/s 

n Percentage of energy consumption, % 

Q Net calorific value, kJ/kg 

R Universal gas constant, J/(mol·K) 

T Temperature, K 

Greek alphabet 

ΔH Formation enthalpy, kJ/kg 

Δh Flow of energy consumption on a process, kJ/s 

η Percentage of energy use, %; Ratio 

τ Time, s 

Dimensionless numbers 

A Pre-exponential factor 

Superscripts 

‘ Saturated liquid form 

‘’ Saturated vapour form 

 



5 
 

Subscripts 

1 Gaseous product 

2 Liquid product 

3 Solid product 

b Biomass 

bc Bio-coal 

d Dryer 

db Dry biomass 

h Heater 

i Inlet 

m Moisture 

p Production 

t Torrefaction section 

torref Torrefaction 

u Use 

Abbreviations 

NCV Net calorific value  

RED Renewable energy directive 
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1 INTRODUCTION 

Fossil fuels usage is the most global long-term environmental challenge at present. Since 

the burning of fossil fuels is accompanied by greenhouse gas emissions, which leads to 

an increase in the temperature of the earth's atmosphere, respectively, rapid climate 

changes. Furthermore, fossil fuels are not renewable and will run out in a relatively short 

time. This is a big energy problem. Therefore, our task is to develop a sustainable energy 

system. 

In recent years, the international community has been working to solve this problem. One 

of the leading fields as an alternative source of energy from biomass. Because biomass-

based products are hydrocarbon fuels and have the same principle of use as fossil fuels. 

The difference is the possibility of creating a sustainable system of renewable fuel 

production, without much damage to the environment. 

This paper is devoted to the topic of torrefaction of forest waste since the forest is a 

convenient source of biomass due to high productivity and availability. The forest 

industry has a large waste stream that is used as a raw material for biofuels. Today, there 

are various ways to prepare and convert biomass to produce fuel with a high energy 

density. Torrefaction takes the leading place in terms of product properties since its 

product is a full-fledged substitute for solid fossil fuels. But this technology is quite 

complex and can be implemented in different ways. Despite the fact that the technology 

has been around for more than 100 years, many aspects of it are still being researched. 

The task of this work was to answer the following questions: 

 What is Torrefaction? 

 What are the advantages of the torrefaction product compare to other biofuels in 

the market? 

 What are the possible implementations of torrefaction? 

 What is the energy cost of a torrefaction facility? 

The first part of the paper highlights the reason for the rise of research in the field of 

renewable energy, including torrefaction, and the contribution of bioenergy to climate 

change mitigation. The part about forest biomass provides basic knowledge about its 

components and structure. The following chapters answer the work objectives. 
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2 BACKGROUND 

2.1 Energy field issue 

According to “Global Status Report” by REN21 (2018), fossil fuel utilizing cover 79.5% 

of total energy consumption. The use of fossil fuels is the first cause of greenhouse gas 

emissions. The main area of fossil fuels utilizing is the energy sector, which contributes 

72% of total emissions (World Resources Institute 2013). The main fuel consumption 

sectors are electricity and heat production (49%), transport (20%) (International Energy 

Agency 2014). 

Greenhouse gases emissions cause temperature rise and, as a consequence, climate 

change. Human-induced warming reached approximately 1 °C (between 0.8 °C and 1.2 

°C). It is increasing at 0.2°C per decade. 1.5 °C of humanmade warming has been marked 

as a limit in the Paris Agreement at the 21st Conference of the Parties. This limit will be 

reached in 2-3 decades at the current warming rate. But given knowledge of the climate 

changing and growth of responsibility of the changes, provide a 66% chance to be back 

this limit around 2100 following an overshoot (IPCC 2018).  

The United Nations Climate Change Conference is a yearly meeting of the Conference of 

the Parties, which is the supreme decision-making body of the International convention, 

to assess progress in implementing climate change issues. Participating countries develop 

the requirements and the goals for their capabilities and report the progress (UNFCCC 

n.d.). For example, the renewable energy directive (RED) is a policy of the European 

Union (EU) aimed to promote energy from renewable sources in the EU. The original 

document accepted in 2009 with goals to 2020 was revised with a new target for 2030. 

The new directive demands mandatory renewable energy use on a level of at least 32% 

(European Commission 2020). 

There are several alternatives to energy from fossil fuels: nuclear, wind, solar, 

geothermal, hydropower, and bioenergy. Bioenergy contributes the largest part in 

renewable energy. It covers 12.8% of total energy consumption (REN21 2018).  
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2.2 Bioenergy 

Traditional use of biomass is the oldest known energy source. Solid fuels as dung, 

charcoal, and firewood were and still are used in cooking and heating purposes. It is 

important to distinguish biomass utilization between ‘traditional’ and ‘modern’ ways 

since the ‘traditional’ use of biomass leads to deforestation and health and social issues 

(Kampman et al. 2010). For example, smoke from cooking in the kitchen is one of the 

world’s major causes of premature child death (Langbein 2017). Therefore, many 

development policies seek to reduce this way of biomass utilization. However, ‘modern’ 

use of biomass is considered complying with goals of sustainability and low-carbon 

energy systems. Features of this way are controlled renewability of raw materials, 

maintaining the health of the ecosystem by land management, and carbon neutrality. 

Carbon neutrality is based on two principles: one is that carbon released from a fuel had 

once been absorbed from the atmosphere, another one is that an equal amount of carbon 

has to be absorbed after combustion (UNECE 2017, 3). 

Modern use of biomass has multifarious approaches to implementation. They include all 

types of carbon fuels: solid, liquid, gaseous. The area of application for biobased fuels is 

wide; it covers heat and power generation and transport needs. Modern biomass-based 

fuels can be used on a small, and large scale; for example, co-firing in large-scale coal-

based power plants or combined heat and power plants or pellets utilizing for domestic 

heating.  

In many states, bioenergy is admitted as the main alternative for fossil fuels, though there 

are still ongoing debates regarding the best way to develop policies relating to biomass 

use. There are a number of reasons for that. Biomass source is limited, in some places 

scarce, since the major intention of renewability is sustainable production with the 

absence of significant negative environmental, and, as a consequence, socio-economic 

impacts; among which greenhouse gas emissions, biodiversity, land use, water and food 

availability and feed prices. Also, biomass-based fuels are more expensive than their 

fossil fuels competitors (Kampman et al. 2010).  

In the present paper, solid fuels based on forest biomass is considered.  
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3 FOREST BIOMASS 

The content of woody biomass depends on the tree species. The cellulose content is within 

40-60%, the hemicellulose content is 15-30%, and the lignin content is 10-25%. Also, 

there is a small amount of extractives and ash, which present non-structural components 

and do not compose the cell walls or layers (Shurong et al. 2017). Figure 1 presents the 

structure of woody biomass.  

 

Figure 1. Woody biomass structure. From right to left: adjacent cell, cell wall layers, 
distribution of lignin, cellulose, and hemicellulose in the secondary wall. S1, S2, S3 is 
secondary cell layers; P is the primary wall; M.L. is middle lamella (Kirk and Cullen 19 
 

Cellulose is a linear macromolecular polysaccharide. The chemical formula is mostly 

signified as (C6H10O5)n, where “n” is a degree of polymerization (Shurong et al. 2017), 

so the number of repeating units in the polymer molecule (Rudin and Choi 2013). For 

woody biomass degree of polymerization is around 9000-10000 (Shurong et al. 2017). 

The cellulose amount is approximately 45% of a dry wood weight. It is composed out of 

D-glucose sub-elements connected in long chains and stabilized by hydrogen bonds and 

Van der Waals force (Pérez et al. 2002).  

Hemicellulose is a heteropolymer with a molecular mass lower than cellulose has. It is 

compounded by short-chain heteropolysaccharides with an amorphous and branched 
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structure. However, its form is almost the same as cellulose, with an adjustment that the 

degree of polymerization is near 200 (Shurong et al. 2017). 

Lignin is an amorphous three-dimensional aromatic polymer (Shurong et al. 2017). It has 

an aromatic matrix that provides hardness and strength to the cell walls. The position of 

lignin in biomass cells can be seen in Figure 2. It shows cellulose macromolecules as 

skeleton are twisted by hemicellulose in lignin shell.  

 

Figure 2. Cellulose, hemicellulose, and lignin in plant cells (Shurong et al. 2017) 
 

In the case of biomass, the moisture content is an important part, which influences 

conversion reaction and final LHV to economic indicators. Since wood has the ability to 

absorb water from the environment, it causes problems with transportation, storing, and 

burning due to excessive humidity. The moisture can be divided into free water, cell 

water, and bound water. Free water is basically located in the pores. This type is obtained 

by secretion or water absorption. Bound water is occupied chemically in the cell walls. 

The placement of the moisture types can be seen in Figure 3. 
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Figure 3. Moisture in woody biomass (Maher 2006) 
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4 UPGRADING FOREST BIOMASS TO SOLID BIO-FUEL 

At this moment, Wood chips and pellets are the main products in the market of solid fuels 

based on biomass. Also, torrefied pellets have been expanding in the market in the last 

decade. Since the application areas are the same for these fuels, their properties can be 

compared. Table 1 shows the main characteristics of the fuels with the properties of raw 

wood and brown coal for comparison. The shown characteristics present the average 

values for each fuel. They were arranged in order of net calorific value (NCV). 

Wood chips are shredded wood to small pieces using a wood chipper. The size of wood 

chips is within 5-50 mm in length (Abdoli et al. 2018). They have wide utilizing area: 

from small-scale domestic appliances to large-scale power plants.  

Pellets are a solid renewable fuel, commonly made out of wood residues. Other biomass 

sources, for example, agricultural waste could also be used. Wood and non-wood pellets 

generally have a diameter of 6-8 mm and length from 5 to 40 mm (Döring S. 2013, 36). 

According to Bissen (2009),” pelleting is on extrusion type of thermoplastic molding 

process in which raw biomass material is forced by an internal roller through cylindrical 

dies in a rotating external ring, producing compact pellets”.  

Torrefied pellets are pelletized treated biomass. The chain of processes is almost the same 

as for biomass pelleting. The frying part follows the drying. Then the bio-coal is cooled 

down till the required temperature for pelletization. During the frying part, the feedstock 

is heated to a temperature in the range of 200-300 °C from 5 to 45 minutes. It depends on 

biomass species. As a result, the biomass obtains following properties: hydrophobic 

property, higher calorific value compared to feedstock and higher energy density 

(Acharya et al. 2012) 
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Table 1. Torrefaction product and the others (Acharya et al. 2012, Strömberg 2006, EUBIA 
database n.d., Phyllis2 database n.d., Knovel database n.d.) 
Parameters Raw wood Wood 

chips 

Pellets Torrefied 

pellets 

Brown 

coal 

Moisture content (wt.%) 30-50 30-40 8-10 1-5 ~20 

NCV (MJ/kg) 9-12 10-15 ~17.5 21-28 22-31 

Volatiles (% db) 70-75 70-75 70-75 53-65 <50% 

Fixed carbon (% db) 20-25 20-25 20-25 22-45 ~46 

Bulk density (kg/m3) 200-250 300-440 ~650 750-850 500-1500 

Hydrophobic No No No Yes Yes 

Biological degradation Yes Yes Yes No No 

Milling requirements Special  Special Classic Classic 

Transport cost High High Average Low Low 

 

In the comparison of existing technologies with torrefaction, there are several main 

parameters. The most important of them is the cost of transport and handling. 

Transportation costs are mostly defined by the lower heat value of the fuel. The 

torrefaction product leads comparing to others in this indicator. Also, the torrefaction 

product does not require special storage conditions, which provide a low cost of handling. 

Because the determining parameters for this are the hydrophobic properties of the fuel 

and its ability to degrade, they depend on the molecular composition of the fuel. During 

torrefaction, biomass goes through thermal degradation, i.e., conversion to simple 

compounds. Also, biomass becomes hydrophobic due to the destruction of the porous 

structure and the -OH groups, which accumulate moisture. Therefore, the fuel storage 

conditions are quite close to those of coal. Among other things, the destruction of biomass 

allows grinding bio-coal in the same way as brown coal (Arias et al. 2007). Thus, hummer 

type mills suitable for grinding coal are also suitable for grinding torrefied pellets 

(Acharya et al. 2012). As for the density, it is quite close to the average values of brown 

coal. Taking into account that the fuel humidity is 1-5 percent, it indicates that the entire 

volume of the torrefaction product contains useful energy. 
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5 TORREFACTION 

5.1 Description 

Torrefaction is a process of thermal conversion of biomass. The feedstock is heated within 

200-300 °C temperature range within 5 to 45 minutes. The main product of the process is 

a bio-coal. During the conversion, the properties of biomass change significantly. 

Depolymerization of the biomass during a torrefaction process causes the hydroxyl group 

(OH) destruction. It removes the ability to absorb and accumulate moisture from the 

wood, which makes torrefaction product hydrophobic (Acharya et al. 2012). 

Decomposition of biomass structure and release bound water lead to low moisture content 

and high density (Kleinschmidt 2011, 2). Torrefaction decreases the O/C atomic ratio in 

biomass, which leads to a high net calorific value comparable with lignite (Acharya et al. 

2012).  

In general, the torrefaction process has 5 stages (Figure 4) (Acharya et al. 2012, 355): 

1. Heating. The biomass is heated to water boiling temperature when the moisture 

starts to evaporate. 

2. Drying. During this process, free water evaporates at a constant temperature. 

3. Post-drying. The temperature slightly rises to 120 °C while the bound water 

linked to the chemical structure of cellulose and hemicellulose retires from the 

biomass. 

4. Intermediate heating. During the biomass heating till 200 °C, hemicellulose 

degradation occurs with volatiles release.  

5. Torrefaction. The process starts at 200 °C and continues at a constant 

temperature of the set mode (260 °C in Figure 4). The temperature depends on 

several parameters. Biomass composition affects the mode the most. During 

torrefaction, depolymerization, and decomposition of components occur with the 

release of volatiles. 

6. Cooling. The purpose of this process is to achieve the room temperature of the 

bio-coal. Since at a high temperature, the bio-coal ignites in contact with 

oxygen. 
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Figure 4. Stages of torrefaction process (Acharya et al. 2012, 355) 
 

Most of the studies in the torrefaction field are run under an inert atmosphere in a reactor. 

The air in the reactor, which entered when a sample was added, is replaced with nitrogen 

or other inert gas. It is a resource-consuming task in industrial circumstances. So, recent 

researches on the subject of dry torrefaction were implemented with oxygen 

concentrations within the range of 1-6%. The results showed that different oxygen 

concentrations do not significantly affect the product properties, compared with treatment 

temperature and time. Moreover, the 6% oxygen level showed a good effect on 

torrefaction performance with wheat straw (Sule 2012). 

Acharya et al. (2012) investigated that time and temperature of treatment have a big 

impact on the properties of torrefied biomass. The increase in temperature decreases the 

percentage of mass yield. The same process occurs with time, the increase of the time 

decreases the relative mass yield. However, the temperature rise has a more significant 

effect.  

Bridgeman et al. (2008), researched biomass behavior under torrefaction treatment in case 

different species. The results show that each type of biomass demand special treatment 

conditions to achieve optimal mass and energy yield. 

The definition of treatment temperature is a complex task. Thermal degradation of 

hemicellulose occurs at temperatures of 130-260 °C. The exhaust contains more volatiles, 
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and less char compared to cellulose. The massive weight loss occurs above 180 °C, the 

decomposition of cellulose starts at 240 °C and the reaction completes at 360 °C (Mohan 

et al. 2006). Its crystalline structure has better thermal depolymerization resilience than 

amorphous hemicellulose. The amorphous parts of the cellulose consist of bound water 

and hold free water in a plant (Tumuluru et al. 2010). Torrefaction causes changes in the 

lignin within the temperature of 200-225°C. In addition to oxygen removal, the C-C and 

C-H bonds are advanced. The C-O and O-H bonds are reduced (Mahadevan et al. 2016). 

The lignin decomposition begins at 280 °C. In the products of the reaction, char yield is 

higher than from cellulose. The degradation continues at 450-500 °C. The maximum 

intensity occurs in the interval from 350°C to 450 °C (Mohan et al. 2006). 

Figure 5 shows the diagram of the processes happening with the main woody biomass 

components in a range of temperatures from 100°C to above 300°C. It starts with drying, 

then depolymerization occurs. The last stage is carbonization during extensive 

devolatilization. Torrefaction generally covers a temperature range of 200-300°C. The 

optimal temperature depends on the type of wood, the size of the processed particles, and 

the time of treatment. According to this diagram, 250 °C can be chosen as an optimal 

temperature in order that all three components are on the stage of carbonization with 

devolatilization. This condition makes it possible to achieve the highest energy density at 

a high mass yield.  
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Figure 5. Decomposition conditions of lignocellulosic material during thermal treatment 
(Archarya et al. 2012) 
 

The main property of the fuel is the net calorific value. In EN 14918, net calorific value 

is defined as “the specific heat released during complete oxidation of fuel without 

regarding the latent heat by condensation of any water vapor in the flue gas” (British 

Standart Institute 2009). The net calorific value of dry biomass depends on the content 

of oxidizable elements (mainly hydrogen and carbon). The oxygen content reduces the 

net calorific value because the oxidizable components containing oxygen are already at a 

higher oxidation state (Kaltschmitt 2018, 430). 

Chew and Doshi (2011) analyzed various tree species as raw materials and as torrefied 

biomass with temperature under 250 °C and above. They arranged the results in the Van 

Krevelen diagram (Figure 6) with fossil fuels for comparison. The Van Krevelen diagram 

shows the atomic ratio of hydrogen to carbon as a function of the atomic ratio of oxygen 

to carbon. In this way, the fuel in the upper-left corner contains more hydrogen, the fuel 

in the lower-right corner contains a large amount of oxygen, and the fuel in the lower-left 
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corner contains more carbon. Diagram (a) presents the biomass samples such as banyan, 

beech, birch, eucalyptus, lauan wood, leucaena, logging residue chip, pine, sawdust, 

willow, wood briquette placed on the Van Krevelen diagram. Diagram (b) shows the 

biomass samples torrefied at temperatures below 250 °C on the Van Krevelen diagram. 

Diagram (c) displays the biomass samples torrefied at a temperature above 250 °C. 

Through the (a), (b) and (c) diagrams, the changes of the elemental composition of the 

fuel can be observed from raw wood to bio-coal treated under 300 °C.  

Chew and Doshi discovered that most of the samples reached the values of hydrogen, 

oxygen, and carbon at the level of lignite when the samples were torrefied with a 

temperature above 250 °C.   

 

Figure 6. Van Krevelen plot: a - coal sample and untreated biomass, b - coal samples and 
torrefied biomass at 200-240 °C, c - coal samples and torrefied biomass at and above 250 °C 
(Chew and Doshi 2011)  
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In 2018, Chen et al. investigated the three main components of woody biomass separately 

through a torrefaction process. Microcrystalline cellulose, beechwood xylan 

(representative of hemicellulose), and alkali lignin were used. Before torrefaction, the 

feedstocks were dried at 105 °C for 2 h. The conditions for torrefaction were 30 minutes 

of treatment within 210-300 °C. One the target of their research was to discover the 

migration ways of the oxygen and the carbon during the torrefaction. The diagrams of the 

oxygen migration are presented in Figure 7. During the torrefaction, oxygen from the 

components transforms mainly to liquid products (water and tar). The following 

transformation is to gaseous products primarily in the form of CO2 and CO. During 

deoxygenation, carbon migration also occurred. Figure 8 shows that from all of the 

components transferred mainly into the liquid form (tar) and less into gas. This process 

can also be traced in Figure 6. O/C atomic ratio remarkably changed during the treatment 

for all three components, especially for hemicellulose. The O/C atomic ratio changing 

was intensified by temperature increase. 

 

Figure 7. Diagrams of the oxygen distribution during torrefaction process for the main woody 
biomass components: hemicellulose, cellulose, lignin (Chen et al. 2018) 
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Figure 8. Diagrams of the carbon distribution during torrefaction process for the main woody 
biomass components: hemicellulose, cellulose, lignin (Adapted from Chen et al. 2018) 
 

5.2 History and state-of-art 

Biomass torrefaction has been known since the beginning of the 20th century in France. 

In the 1930s torrefaction principle was used as biomass pretreatment for gasification 

(Acharya et al. 2012, 351). Lately, in the 1970s, the crisis in the prices of fossil fuels 

caused interest in alternative energy sources, including method obtaining bio-coal (Nunes 

et al. 2017, 161). The first torrefaction plant was built in the 1980s in France by 

“Pechiney”. Torrefied wood was used as substituting charcoal in the metallurgic 

processing plant (Acharya et al. 2012, 351). The scheme of the torrefaction facility is 

shown in Figure 9. The feature of the first torrefaction plant configuration was the 

recirculation of torrefaction gas to the burner that heats the biomass in the dryer. The 

reactor was of rotating type (Nunes et al. 2017, 161). 
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Figure 9. Torrefaction unit from Pechiney Electrometalurgie. 1 - Biomass feeding; 2 - boiler; 3 - 
dryer; 4 - torrefaction reactor; 5 - boiler; 6 - torrefaction gases recycling; 7 - hot gases recycling; 
8 - torrefied biomass output (Nunes et al. 2017, 162). 
 

The next generations of torrefaction plants were searching for the best configuration. So, 

the French company “Pillard” developed a system with two reactors: one for drying and 

another for torrefaction. A similar plant by the company “Fages Habermann” was based 

on one reactor, where drying and torrefaction happened at the same time. The main 

feature of these plants was heat transfer occurred by convection of combusted torrefied 

gas (Nunes et al. 2017, 161). However, the company “Transnational Technologies” from 

the USA developed a torrefaction system based on superheated steam, known as “Airless 

torrefaction”. The scheme of this reactor is shown in Figure 10. The airless system 

includes a dryer, a torrefaction reactor, and a cooler. The steam is generated exclusively 

from biomass humidity (Ballerini 2012, 225). 
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Figure 10. Airless torrefaction by "Transnational Technology" (Ballerini 2012, 227) 
 

Today, torrefaction technology is still in the development stage. However, it is 

successfully implemented by some companies. LMK Energy produces torrefied pellets in 

France with TORSPYD (LMK Energy website n.d.) technology owned by the company 

Thermya (Ratte et al. 2011). The treatment temperature of woody biomass is 240 °C. The 

raw material for the process is lignocellulosic biomass, such as residues from the forest 

or agricultural industry (LMK Energy website n.d.).  

Clean Energy Generation (Netherlands) and Turun Seudun Energiantuotanto (Finland) 

announced successful logistic, handling and combustion trial of over 1000 tonnes of CEG 

Renewable Black Pellets at TSE’s coal-fired power unit Na2 in Naantali power plant. The 

pellets were produced at CEG’s High Temperature Torrefaction facility in the UK. During 

the test period, the pellets were stored outdoors, uncovered. The infrastructure designed 

for coal was used. The tests confirmed that the fuel switch from fossil fuel to renewable 

can occur without considerable changes (CEG website 2019).  

Baltania OÜ (Estonia) cooperates with Clean Energy Generation (Netherlands) and Pöyry 

(Finland) to build an industrial-scale torrefied pellet plant. This plant is expected to 

produce 157000 t/a. The raw material for the torrefaction process is forest waste and by-

products of the wood processing industry (Heikkilä and Hassinen 2018).  
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Boreal BioEnergy Corporation (Canada) announced a collaborative project with 

Blackwood-Technology (Netherlands). They will construct a torrefied pellet plant with 

250000 t/a scale in British Columbia. The production is designed basically for Japanese 

consumers (Boreal BioEnergy n.d.). The Blackwood-Technology has FlashTor 

torrefaction technology. The feature of this process is the treatment time, which is 7 

minutes, compared to 30 minutes on average for the most methods (Blackwood-

Technology n.d.). 

Ribeiro et al. collected information about the current state-of-art of torrefaction 

technology in 2018. At that time, there were published 2304 works on the topic of 

torrefaction. According to the compiled data, the interest in torrefaction among 

researchers is growing exponentially (Ribeiro et al. 2018). The main researching fields 

are: discovering the temperature range while varying the time of treatment (Acharya and 

Dutta 2015); discovering effects of the torrefaction process on different types of wood 

(Chew and Doshi 2011); determining the effects of the torrefaction process on each of the 

main components of wood biomass (Chen et al. 2018); application of this technology to 

other possible biomass sources (Ianez-Rodriguez et al. 2017); researching the effects of 

pretreatment with different chemicals (Xu et al. 2017). Nowadays, only a few torrefaction 

plants were built from 60 initiatives and the 15 large-scale units, which were scheduled 

in 2011. There are 5 industrial torrefaction plants constructed and functioning in Europe 

(Ribeiro et al. 2018). It can be concluded that despite the apparent advantages, the 

technology has not been successfully commercialized yet and has a huge field for 

research. 

5.3 Torrefaction methods 

There are several ways to implement the torrefaction process. Generally, torrefaction 

methods are divided into two types: direct and indirect heating. The direct heating method 

occurs by direct contact between working fluid (gas or liquid) and the biomass. This 

method allows the biomass to be evenly heated by a certain flow direction of the working 

agent. Indirect heating of biomass can be implemented by a heated surface. In this case, 

the biomass is heated without affecting the elemental composition of the products. Also, 

the indirect type includes microwave heating. Since there is no substance heats the 

biomass components. 
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The following methods can be included in direct heating: dry torrefaction, wet 

torrefaction, and steam torrefaction. 

In dry torrefaction, the processing agent is a gas. It could be flue gas from a boiler or 

heated inert gas, for example, nitrogen. As a fuel, the torrefied biomass or fossil fuels can 

be used. The fed biomass is pre-dried. In the reactor, the volatile substances flow out from 

the biomass during the treatment. Their amount depends on the processing temperature. 

Under certain torrefaction conditions, the gas-product consists of sufficient net calorific 

value to direct the flow back to the boiler and reduce fuel consumption. This idea is 

implemented in the testing facility by Blackwood-technology (Blackwood-technology 

n.d.). The adopted scheme of their facility is shown in Figure 11. The main product of the 

process is a solid mass, bio-coal. It is directed to a cooler after the treatment.  

 

Figure 11. Basic scheme of dry torrefaction facility (Adopted from Blackwood-technology n.d.) 
 
The torrefaction unit for the dry method has the least complex design due to the small 

number of elements in the facility system. Thus, it can be built separately from other 

plants with a lower cost compared to other methods. 

Wet torrefaction is performed using water under high-pressure or subcritical parameters. 

The basic scheme is shown in Figure 12. Pre-drying is not required in this method. 

Biomass is sent directly to the reactor. The dryer is located after the treatment. Pressurized 

water heated in the boiler is used as a heating substance in the reactor. After the process, 

the water gets purified and goes to the boiler. The torrefied biomass or fossil fuels can be 

used as fuel in the boiler. 
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Figure 12. Basic scheme of wet torrefaction facility 

One of the features of this method is that wet torrefaction reduces ash content due to 

demineralization. In addition, various chemicals and materials can be extracted (He et al. 

2018). The reaction speed rate is much higher in pressurized water conditions, compare 

to dry torrefaction (Kambo and Dutta 2015, Acharya et al. 2015, Bach and Skreiberg 

2016). But this method has several disadvantages which prevent its successful 

implementation. The wet torrefaction plant is a complex system consisting of many 

elements, flows, and environments. The reactor must withstand high pressure and, at the 

same time, be resistant to corrosion. As a result, it increases investment in the construction 

of such a plant (Bach and Skreiberg 2016).  

During steam torrefaction, the biomass is treated using steam. There are a number of 

different facility combinations for this method. The scheme presented in Figure 13 will 

be described as an example. Biomass is dried and treated by high-pressure steam. After 

the dryer, the steam flows to a condenser. In the torrefaction reactor, the temperature of 

the steam decreases to the level of the treatment temperature. So, it still has high 

parameters and can be used as a drying agent in the dryer.  

 

Figure 13. Basic scheme of steam torrefaction facility 
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Independent production of bio-coal by this method is not promising since water 

evaporation involves water purification, condensation, etc. Therefore, steam torrefaction 

can be considered to be integrated into a CHP plant. 

The indirect heating method can be explained by an example of the most common reactor, 

rotary drum. The drum surface is heated by superheated steam or flue gas. At the inlet of 

the drum, there is an entrance for the source material. Inside the drum along the walls, 

there are guide lines, like a rifled muzzle. They push the biomass to the outlet while the 

drum rotates. At the outlet, there are ports for the bio-coal and the gaseous co-product. 

The gas is sent to the boiler for combustion (Ribeiro et al. 2018). Figure 14 presents the 

diagram scheme of the rotary drum. 

 

Figure 14. Diagram scheme of the rotary drum (Ribeiro et al. 2018) 
 

According to Ren et al. (2012), microwave heating is a thermochemical treatment of 

biomass with microwave irradiation. The nature of the process allows heating biomass 

particles from inside. The biomass can be rapidly heated even big size particles. So, it is 

not required to mill the biomass very thinly. Other researchers discovered that microwave 

power level and time of treatment mainly influence the torrefaction product properties. 

The moisture of raw material affects the conversion process much less (Wang et al. 2012). 

So, microwave torrefaction can be implemented without a dryer. 
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6 STEAM TORREFACTION 

Heating by steam is one of the possible implementations for the torrefaction process. Only 

a few articles can be found on this topic. In the work of Arteaga-Pérez et al. (2017), the 

composition of steam torrefaction products and their properties were evaluated. In the 

work of Sermyagina et at. (2015), several configurations of the torrefaction unit were 

studied as part of a combined heat and power plant, including indirect steam heating. The 

results showed that the integration of these two objects increases the overall efficiency. 

Since there are only a few papers on this topic, it was chosen for further study. 

In this paper, the direct steam heating system was studied. This configuration imposes 

limitations on the use of steam after the process since, during the conversion, it is mixed 

with the volatiles released from the biomass. 

 

6.1 Presentation of model 

The model is written for the temperature interval of 230-300 °C. The measurements were 

made for this interval in 10-degree increments. The pressure ranges were selected from 2 

to 22 bar, which is approximately the same as the possible pressure in the extractions 

from the intermediate pressure turbine in a 500 MW turbine unit. The steam fed to the 

torrefaction reactor had a temperature of 10 °C higher than the conversion temperature. 

The humidity of the incoming biomass was assumed to be 40%. The mass yield of a solid 

product was taken up to 75% from the dry biomass. The calculations were made for the 

bio-coal production at 1 kg/s. 

The torrefaction unit consists of three blocks (along the biomass treatment stages): drying, 

heating of dry biomass to the torrefaction temperature process and conversion. The 

scheme of the model is shown in Figure 15. The steam flow after the “conversion stage” 

is connected to the steam flow after the “heating stage” and both enter the drying process. 

The temperature of the steam flow before the dryer has been established equal to the 

temperature of the set torrefaction mode. The pressure is assumed to be constant. The 

steam at the outlet of the dryer is in a state of saturation. 
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Figure 15. Diagram of the model 
 

The biomass heating process that occurs in each stage is shown in Figure 16. The black 

line shows the process of temperature increase in the real sample; the maroon line shows 

this process with the simplifications which were made in the model. 

 

Figure 16. Real and simplified torrefaction process  
 

The main simplifications are that the moisture was removed entirely during drying, and 

the gaseous product from torrefaction was not considered in the calculations of heat 

transfer in the “drying stage”. The mathematical model is based on mass and energy 

balances. The mathematical model of the conversion process is based on the Felfli et al. 

(2004) work.  
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The model by Felfli et al. (2004) was written for a piece of wood and a wood briquette. 

The temperature distribution was calculated and measured on a real sample. The obtained 

data showed that the model corresponds to the real process. The process of biomass 

conversion followed 3 ways: gaseous, liquid, and solid products. The reaction rates were 

calculated using the Arrhenius equation: 

𝑘 = 𝐴 ∙ 𝑒𝑥𝑝( ∙
) 

(1) 

where 

𝑘 reaction rate [s-1] 

𝐴 pre-exponential factor [-] 

𝐸 activation energy [J/mol] 

𝑅 universal gas constant [J/(mol·K)] 

𝑇 temperature [K] 

 

In this work, the time of biomass treatment is 30 minutes. The formation enthalpies of 

these three components were taken from the model of Felfli et al. (2004). The following 

equation describes the flow of energy consumption of torrefaction: 

∆ℎ = 𝑚 𝜏(𝑘 ∆𝐻 + 𝑘 ∆𝐻 + 𝑘 ∆𝐻 ) (2) 

 

∆ℎ  flow of energy consumption of torrefaction [kJ/s] 

𝑚  mass flow of dry biomass [kg/s] 

𝜏 time of biomass treatment [s] 

𝑘  reaction rate of component i [s-1] 

∆𝐻  formation enthalpy of component i [kJ/kg] 

1 gaseous product 

2 liquid product 

3 solid product 
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6.2 Results and discussion 

Determining the optimal parameters included: choosing the lowest steam consumption, 

and therefore a higher percentage of heat use. The percentage of heat energy used was 

calculated as the ratio of net energy flow to gross energy flow (Equation 3). The gross 

heat energy flow was calculated as the sum of the differences of the enthalpies of input 

steam to the heater, and input steam to the reactor, and the output steam enthalpy after 

drying, and the difference of the enthalpy at the exit of the dryer and after the condenser. 

The net energy flow is considered as the energy used in the process of drying, heating to 

a temperature of conversion, and conversion. 

𝜂 =
∆ℎ + ∆ℎ + ∆ℎ

ℎ , − ℎ′ 𝑚 , + (ℎ − ℎ′)𝑚 + ℎ , − ℎ′ 𝑚 ,

100 
(3) 

∆ℎ = 𝑚 , (ℎ , − ℎ′′) (4) 

∆ℎ = 𝑐 , 𝑚 (𝑇 − 𝑇′′) (5) 

 

𝜂  percentage of heat energy use [%] 

∆ℎ  flow of energy consumption on drying [kJ/s] 

∆ℎ  flow of energy consumption on heating [kJ/s] 

∆ℎ  flow of energy consumption on torrefaction [kJ/s] 

ℎ ,  enthalpy of steam at the heater inlet [kJ/kg] 

ℎ′ saturated liquid enthalpy [kJ/kg] 

𝑚 ,  mass flow of steam at the heater inlet [kg/s] 

ℎ  saturated vapor enthalpy [kJ/kg] 

𝑚  mass flow of moisture from biomass [kg/s] 

ℎ ,  enthalpy of steam at the torrefyer inlet [kJ/kg] 

𝑚 ,  mass flow of steam at the torrefyer inlet [kg/s] 

𝑚 ,  mass flow of steam at the dryer inlet [kg/s] 

ℎ ,  enthalpy of steam at the dryer inlet [kJ/kg] 

𝑐 ,  specific heat capacity of woody biomass [kJ/(kg·K)] 

𝑚  mass flow of biomass [kg/s] 
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𝑇  set temperature of conversion [K] 

𝑇′′ saturated vapor temperature [K] 

 

As an additional indicator, the ratio of the gross heat energy flow to the net calorific value 

of the torrefaction product, which was assumed as equal to 22 MJ/kg, was calculated. In 

other words, this indicator shows the ratio of consumed fuel to produced (Equation 6). 

𝜂 =
ℎ , − ℎ′ 𝑚 , + (ℎ − ℎ′)𝑚 + ℎ , − ℎ′ 𝑚 ,

𝑚 𝑄
 

(6) 

 

𝜂  ratio of consumed fuel to produced [-] 

ℎ ,  enthalpy of steam at the heater inlet [kJ/kg] 

ℎ′ saturated liquid enthalpy [kJ/kg] 

𝑚 ,  mass flow of steam at the heater inlet [kg/s] 

ℎ  saturated vapor enthalpy [kJ/kg] 

𝑚  mass flow of moisture from biomass [kg/s] 

ℎ ,  enthalpy of steam at the torrefyer inlet [kJ/kg] 

𝑚 ,  mass flow of steam at the torrefyer inlet [kg/s] 

𝑚  mass flow of the bio-coal [kg/s] 

𝑄  net calorific value of the bio-coal [kJ/kg] 

 

Graphs of these two indicators depending on the conversion temperature are shown in 

Figure 17. 
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Figure 17. Process efficiency and fuel ratio depending on the treatment temperature 
 
The percentage of heat used ranged from 9 to 12%, with an average of 11%. The energy 

spent on fuel production is at best equal to 110% (280 °C) of the energy contained in the 

produced fuel, 130% on average. This data makes it possible to conclude the absolute 

inefficiency of the considered configuration. Therefore, the calculation of the distribution 

of used energy between the dryer and the reactor (it includes the process of heating to the 

conversion temperature and torrefaction) was made to identify the ratio of energy 

consumption between the processes (Equation 7,8,9). 

𝑛 =
∆ℎ

∆ℎ + ∆ℎ + ∆ℎ
100 

(7) 

𝑛 =
∆ℎ

∆ℎ + ∆ℎ + ∆ℎ
100 

(8) 

𝑛 =
∆ℎ

∆ℎ + ∆ℎ + ∆ℎ
100 

(9) 

 

𝑛  percentage of energy consumption on drying [%] 

𝑛  percentage of energy consumption on heating [%] 

𝑛  percentage of energy consumption on torrefaction [%] 

∆ℎ  flow of energy consumption on drying [kJ/s] 

∆ℎ  flow of energy consumption on heating [kJ/s] 

∆ℎ  flow of energy consumption on torrefaction [kJ/s] 
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The graph of the energy distribution between the dryer and the reactor is shown in Figure 

18. 

 

Figure 18. Ratio of energy consumption for the processes depending on the treatment 
temperature 
 

The amount of energy consumption for heating and conversion reaches the maximum 

value at 290 and 300 °C of 13.6%, 10% on average. The remaining energy, about 90%, 

is spent on drying. That is, steam drying makes this project inefficient. Drying by 

superheated steam with the direct heating method was used in the steam torrefaction unit. 

The results of the measurements show that the heat source for the dryer needs to be 

changed. According to the model presented in this work, the cost of drying is 12% of the 

energy contained in the produced bio-coal.  

6.3 Flue gas drying systems 

The drying system can be implemented using the flue gas from a boiler that runs on the 

produced torrefied fuel. The flue gas can be obtained from an independent boiler or a 

boiler of the power plant. If the flue gases from the plant's boiler are used, the possible 

electricity production decreases due to the energy consumption of the dryer. This system 

has a different effect depending on the power output of the boiler in the plant. In the work 

of Sermyagina et al. (2015) at the 30 MW combined heat and power plant, the efficiency 
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of trigeneration was 71% compared to 79% at a 400 MW plant with the same 

configuration, but the amount of bio-coal production in the first case was 1 kg/s, and at 

the second case was 10 kg/s.  

There is a large variety of dryer types that can be run with flue gas as a heat energy source. 

Rajala (2013) compilated the most used types: 

1. Rotary dryers. Raw biomass is fed into a drum that rotates at a speed of only 

some revolutions per minute. Inside the drum, there are blades on the walls of 

the cylinder that mix the material. Heating can be direct or indirect, but direct 

heating is the most common. This type of dryer is the most widespread solution. 

2. Flash dryers. The flow of hot gases at a speed higher than the speed of free fall 

of material particles capture the raw biomass mixing with it, heating it, and 

transferring it through the dryer in the form of a pipe to the separator, where the 

drying agent is removed from the dry biomass. 

3. Fluidized bed dryers. The raw biomass is fed to the dryer where the gas blows 

from the bottom at a speed that allows the material to fluidize. Under these 

conditions, the material is mixed at high heat transfer from the gases, which 

makes the unit efficient and relatively small. The disadvantage of this method is 

the size of the biomass particles. They should be less than 10 mm. Grinding of 

larger particles requires a higher gas flow velocity. 

4. Conveyor dryers. Raw biomass is fed onto the surface of a conveyor belt that 

carries the material through the dryer while the circulating gases heat the 

biomass and remove the evaporated moisture. 

When drying is performed using the flue gas with direct heating, evaporation occurs until 

the flue gas and dissolved water vapor reach the saturation state. The higher the 

temperature of the atmosphere in the dryer, the more moisture can be dissolved in the flue 

gas. At the same time, the temperature of the flue gas decreases while moisture 

evaporates. The limitations of the temperature are the self-ignition condition in the 

atmosphere in the dryer, which depends on the concentration of oxygen, and possible 

temperature output from the boiler.  
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7 CONCLUSION 

Biomass, as a source of renewable energy, plays a significant part in the greenhouse gas 

emissions reduction, and the transition to sustainable energy since the energy field in the 

world is based on the use of hydrocarbon fuels. However, at present, solid biofuels 

available on the market do not meet energy needs due to their low calorific value. They 

are mainly considered as co-firing with fossil coal. The torrefaction technology 

accelerates the transition to renewable energy sources, since the characteristics of the 

producing bio-coal equal to brown coal, even in handling. Hence, fossil coal can be 

replaced by torrefied biomass while other biofuels on the market require additional 

equipment for handling and combusting.  

The torrefaction process can be implemented in several ways, but the defining parameters 

are the range of the biomass treatment temperature of 200-300 °C, and the treatment time 

of 5-45 minutes. Also, for all torrefaction systems, except for the hydrothermal method, 

are typical the stages (along the biomass stream): drying, heating to the set conversion 

temperature, torrefaction, and cooling. The main goal of the torrefaction process is an 

increase in the energy density of biomass with the highest mass yield of the solid product. 

During the conversion of biomass, the following properties are acquired: low humidity 

(~1%), hydrophobicity, high grindability. 

Despite the advantages of the torrefaction product, the technology has not yet been 

successfully commercialized. Although it has been used for 100 years as a pretreatment 

stage before gasification, bio-coal has been used as a substitute for fossil coal in 

metallurgical processes. Today, additionally to that, one of the main goals of using 

torrefied biomass is to replace fossil coal in the heat and power plants. France, Finland, 

and the Netherlands have made significant progress in this area. 

The paper investigated the configuration of the steam torrefaction unit. A mathematical 

model of this facility was written and analyzed. The results showed that 90% of the heat 

energy spent on the torrefaction unit is spent on drying. In the considered system, drying 

occurs by steam, which makes this configuration unprofitable. Therefore, in further 

calculations, drying is recommended to perform by flue gases. 
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