
 CHEMICAL ENGINEERING TRANSACTIONS  
 

VOL. 50, 2016 

A publication of 

 
The Italian Association 

of Chemical Engineering 
Online at www.aidic.it/cet 

Guest Editors: Katharina Kohse-Höinghaus, Eliseo Ranzi
Copyright © 2016, AIDIC Servizi S.r.l., 
ISBN 978-88-95608-41-9; ISSN 2283-9216 

Two-stage Gasification of Untreated and Torrefied Wood 
Valentin Kosov, Victor Zaichenko 
Joint Institute for High Temperatures of the Russian Academy of Sciences (JIHT RAS) 
Address: Izhorskaya str. 13, 125412  Moscow, Russian Federation 
kosov@ihed.ras.ru 

The major methods of biomass thermal conversion are combustion in excess oxygen, gasification in reduced 
oxygen, and pyrolysis in the absence of oxygen. The end products of these methods are heat, gas, liquid and 
solid fuels. From the point of view of energy production, none of these methods can be considered optimal. 
Two-stage gasification of biomass proposed by JIHT RAS is pyrolysis of biomass, as the first stage, and 
cracking of the pyrolysis products as the second stage. This method can be considered optimal for energy 
production, because it allows obtaining synthesis gas consisting of hydrogen and carbon monoxide and not 
containing liquid or solid particles. Since no byproducts are formed, there is no need for complicated cleaning 
methods of the gas. 
In this study we investigated the effectiveness of heterogeneous cracking of pyrolysis products on the surface 
of charcoal in comparison with the homogeneous cracking. The effect of preliminary torrefaction of biomass on 
secondary cracking process and composition of the resulting synthesis gas was investigated. It is shown that 
the use of torrefied biomass allows obtaining a high-calorific gas even by homogeneous cracking of pyrolysis 
products. 

1. Introduction 

Biomass gasification is a complex thermo-chemical process involving numerous different reactions (Dupont, 
2007) and can be divided into two parts: pyrolysis and gasification itself. Pyrolysis of biomass occurs through 
heat transfer processes inside the gasifier. Thermal degradation of biomass during pyrolysis leads to the 
formation of mainly solid and liquid products.The composition and quantity of these products and the 
possibility of their use as a fuel have now been well studied (Bridgwater, 2012). 
Biomass gasification is a complex combination of secondary oxidation reaction of the biomass pyrolysis 
products. Depending on the type of gasification, the oxidizing agent may be air, oxygen, steam or a 
combination thereof. The end product of biomass gasification is synthesis gas consisting mainly of hydrogen 
and carbon monoxide, which are formed due to the reaction of carbon with oxygen or steam as shown at 
Eq(1) and Eq(2). 

С(s) + H2O → CO + H2 (1) 

2С(s) + O2 → 2CO (2) 

Pyrolysis of biomass and subsequent gasification of the pyrolysis products occur in the same reactor volume, 
which creates technical difficulties related to the uniformity of oxidant distribution. Therefore there is also 
reaction of carbon complete oxidation to carbon dioxide (Eq(3)). 

C(s) + O2 → CO2 (3) 

In the case of steam gasification an excess of steam results in its incomplete reaction with carbon and 
unreacted water vapor come out of the reactor together with the synthesis gas (Eq(4)). 

C(s) + 2H2O → CO + H2 + H2O (4) 

In addition, the water-gas shift reaction (Eq(5)) can increase of carbon dioxide amount in synthesis gas. 
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CO + H2O ↔CO2+ H2 (5) 

The Boudouard reaction (Eq(6)) allows converting carbon dioxide into carbon monoxide. However, at 
temperatures below 1000°C, this reaction is in equilibrium and the carbon dioxide remains in the synthesis 
gas. 

C(s) + CO2 ↔ 2CO (6) 

The known gasification methods can produce synthesis gas consisted of combustible components (H2, CO, 
CH4) and non-combustible gases and vapors (CO2, N2, H2O) in various proportions. The presence of non-
combustible gas significantly reduces the overall efficiency of the technology by reducing the heating value of 
the synthesis gas. Furthermore, the tar formation in all types of gasification processes makes it impossible 
direct use of the product gas in the power generating units. Dividing of pyrolysis and gasification processes 
and the use of cracking instead of oxidation allows obtaining syngas that does not contain non-combustible 
components. 
Such a scheme is offered by JIHT RAS (Kosov et al., 2013). The two-stage process is pyrolysis of biomass, 
as the first stage, and cracking of the pyrolysis products on surface of charcoal as the second stage. This 
method allows obtaining synthesis gas consisting of hydrogen and carbon monoxide and not containing liquid 
or solid particles. Since no byproducts are formed, there is no need for complicated cleaning methods of the 
gas. 
Cracking reaction may be homogeneous and heterogeneous. Homogeneous cracking occurs in the volume of 
the reactor, the heterogeneous occurs on the reactor walls and on the surface of coal. For the practical 
application of the method it is necessary to investigate the processes of homogeneous and heterogeneous 
volatile pyrolysis products cracking, as well as to estimate the effectiveness of both cracking processes. 
Some of these studies have been performed previously ((Kosovo et al., 2014) and (Kosov et al., 2015)). It has 
been suggested that the heterogeneous cracking process decomposes volatiles formed upon pyrolysis 
temperatures of 200-300°C. This paper describes a series of experiments with torrefied wood, confirmed 
earlier assumptions made about the nature of the reactions of heterogeneous cracking of the pyrolysis 
products on the surface of charcoal. 

2. Experimental set-up 

The experimental set-up (Figure 1) consisted of a high-temperature two-chamber fixed-bed reactor and a 
system of extraction and analysis of gas and vapor forming as a result of heating an initial raw material.  
The reactor was a stainless steel tube with an inside diameter of about 37 mm, which was placed within a two-
section furnace with independent heaters for each section. The chambers were 300 mm length each. Raw 
material was placed into the chamber 1. There were series of experiments with different amount of char 
placed and different temperatures in the chamber 2. Pyrolysis process was explored when chamber 2 was 
empty and its temperature was 20 °C.  
 

 

Figure 1: Scheme of the experimental reactor 

To explore homogeneous and heterogeneous cracking, the chamber 1 was heated up to temperature 
1 000 °C that was held further at the constant level. After that the temperature of the bottom chamber was 
raised at the rate 10 °C/min. Process of homogeneous cracking was explored with empty chamber 2. To 
explore heterogeneous cracking, char obtained by pyrolysis of the same raw material was placed in the 
chamber 2 and heated up to 1 000 °C. 
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Gases formed during pyrolysis of initial raw material passed through the porous carbon bed in the chamber 2. 
As a result of homogeneous and heterogeneous chemical reactions in the high-temperature zone, the 
pyrolysis gases decomposed into synthesis gas, which came into the volume meter (eudiometer). The 
samples of the gas were chromatographed. Softwood pellets were used as a raw material for pyrolysis. 
Carbonized softwood pellets were used as the hot char filter. The properties of the pellets are shown in 
Table 1. 

Table 1:  Properties of softwood pellets 

Moisture (wt%)   Dry material (wt%) LHV, MJ/kg 
Ash Volatiles C H N O 

4.7 0.8 82.5 50.3 6.0 0.4 43.3 20.6 

3. Results and Discussion 

The results of measurements of the volume gas produced per 1 kg of softwood pellets during pyrolysis and 
two types of tars cracking are shown in Fig. 2. The results indicate that the heterogeneous cracking is much 
more effective than homogeneous and allows obtaining the maximum volume of the gas in the same reactor. 
This gas volume is up to 1.5 m3 per 1 kg of wood biomass. 

 

Figure 2: Gas yield per one kg of raw material during pyrolysis of softwood pellets and two types of tars 
cracking 

The mass balance of the pyrolysis process and the two types of secondary cracking is shown in Figure 3. The 
pyrolysis process, especially fast pyrolysis, aimed at obtaining liquid products. The proposed two-stage 
scheme of gasification uses a slow pyrolysis (biomass heating rate of 10 degrees per minute). The pyrolysis 
products consist of solid (18% by weight), liquid (58% by weight) and a gaseous fraction (24% by weight). As 
can be seen, homogeneous cracking of the liquid and gaseous pyrolysis products at the temperature of 
1000 °C causes a significant change in the mass balance. After homogeneous cracking the gaseous fraction 
of is already 82% by weight and the liquid fraction is only 10%. Heterogeneous cracking allows decomposing 
the liquid fraction completely. As a result, 82% of the weight of the raw material converts into the gas. 
Figure 2 shows that as a result of heterogeneous cracking reactions, the gas volume increases almost double 
in comparison with homogeneous cracking. Heterogeneous cracking of the liquid fraction remaining after the 
homogeneous cracking the pyrolysis products and consisting mainly of water, cannot provide such a 
significant increase in the product gas. Therefore, increasing the volume of the product gas occurs due to 
decomposition of gaseous components of the synthesis gas obtained after the homogeneous cracking of 
liquid products of pyrolysis. Analysis of composition of the synthesis gas obtained by cracking of 
homogeneous and heterogeneous confirms this hypothesis (Table 2). 
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Figure 3: Mass balance of untreated wood pyrolysis and the two types of secondary cracking 

Table 2: Composition of the synthesis gas for two types of untreated wood pyrolysis products cracking 

Component Homogeneous cracking Heterogeneous cracking 

CO 36.8% 54.2% 

H2 47.1% 46.5% 

CO2 11.4% - 

CH4 14.4% - 

N2 0.3% 0.3% 
 
Synthesis gas produced by homogeneous cracking of the pyrolysis products contains about 25% of relatively 
heavy gases - methane and carbon dioxide. The decomposition of these gases to carbon monoxide and 
hydrogen doubles the volume of synthesis gas while their mass fraction remains constant. 
Previous research of output gas speed for homogeneous and heterogeneous cracking processes (Kosov et 
al., 2015) showed, that the maximum gas yield speed for reactions of heterogeneous cracking is in the 
temperature range from 200 °C to 300 °C, whereas the maximum gas yield speed for reactions of 
homogeneous cracking is in the temperature range from 300 °C to 400 °C (Figure 4).  
Pyrolysis products formed in this temperature range (also known as torrefaction) consist of a condensable and 
non- condensable fraction. Non-condensable fraction consists mainly of carbon dioxide and carbon monoxide. 
The mass of the non-condensable fraction in the total mass of the pyrolysis products is low and decomposition 
of carbon dioxide to carbon monoxide cannot provide a substantial increase in the product gas. Thus, it was 
argued that due to heterogeneous reactions it takes place decomposition of mainly condensable fraction of the 
pyrolysis products. Condensable fraction of the pyrolysis products for this temperature range consist mainly of 
acetic acid and water, with smaller quantities of methanol, formic acid, lactic acid, furfural, hydroxyl acetone 
and traces of phenol (Princs et al., 2006).  
It has been suggested that exactly these substances are decomposed during the heterogeneous cracking on 
the surface of charcoal, while other pyrolysis products are decomposed in the reactor volume. If this 
assumption is true, the heterogeneous cracking of torrefied biomass pyrolysis products will not lead increase 
the volume of the resulting synthesis gas. Comparison of the volume of gas produced by the pyrolysis of 
untreated and torrefied wood and two types of cracking of the volatile products of pyrolysis is shown in Figure 
5. 
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Figure 4: Speed of the gas yield by homogeneous (1) and heterogeneous (2) reactions 

 

Figure 5: Volume of the gas obtained by homogeneous and heterogeneous cracking of untreated and torrefied 
wood pyrolysis products. 

As shown in Figure 5, in the case of torrefied wood pyrolysis, unlike untreated wood pyrolysis, heterogeneous 
cracking of volatiles does not lead to a significant increase in the volume of synthesis gas. Consequently, the 
pyrolysis products of torrefied wood do not contain components that decompose only heterogeneously. 
The slight increase in the volume of gas for the heterogeneous cracking can be explained by decomposition of 
methane and carbon dioxide, which is confirmed by the change of the gas composition (Table 3). 

Table 3: Composition of the synthesis gas for two types of torrefied wood pyrolysis products cracking 

Component Homogeneous cracking Heterogeneous cracking 

CO 41.4% 50.5% 

H2 37.5% 43.7% 

CO2 9.1% - 

CH4 6.1% - 

N2 1.2% 1.2% 
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Thus, heterogeneous cracking decomposes pyrolysis products released from the biomass in the temperature 
range 200-300 °C. 

4. Conclusions 

From the data received it follows that heterogeneous cracking of volatile pyrolysis products in case of 
untreated wood is more effective than homogeneous cracking in volume of the reactor and allows receiving 
the maximum volume of synthesis gas in the same reactor.  
Analysis of the gas yield speed for two homogeneous and heterogeneous types of cracking shows that the 
maximum gas yield speed for reactions of heterogeneous cracking is in the temperature range from 200 °C to 
300 °C, whereas the maximum gas yield speed for reactions of homogeneous cracking is in the temperature 
range from 300 °C to 400 °C. It can be argued that due to heterogeneous reactions it takes place 
decomposition of mainly condensable fraction of the pyrolysis products formed in the pyrolysis temperature 
range from 200 °C to 300 °C, also known as torrefaction. Comparison the volumes of synthesis gas produced 
by homogeneous and heterogeneous cracking of torrefied wood pyrolysis products confirmed this hypothesis. 
Thus, in the case of using the torrefied wood as a raw material for the two-stage gasification, homogeneous 
cracking of the volatile products of pyrolysis can be considered the optimal technical solution. 
 

Acknowledgements 

This work was supported by the Ministry of the Russian Federation for Education (project no. 14.607.21.0073, 
unique identifier RFMEFI60714X0073). 

References 
 
Bridgwater A., 2012, Review of fast pyrolysis of biomass and product upgrading. Biomass and bioenergy, 38,, 

68-94 
Dupont C., G. Boissonnet, J.M. Seiler, P. Gauthier, D. Schweich. Study about the kinetic processes of 

biomass steam gasification, Fuel, 86, 2007, 32-40. 
Kosov V., Kosov V., Sinelshchikov V., Zaichenko V., 2013, The two-stage technology of biomass conversion 

into synthesis gas. Materials and processes for energy: communicating current research and technological 
developments. Publisher: Formatex Research Center, Spain, 393-398. 

Kosov V., Kosov V., Zaichenko V., 2014, Experimental research of heterogeneous cracking of pyrolysis tars, 
Chemical Engineering Transactions, 37, 211-216, DOI: 10.3303/CET1437036 

Kosov, V.V., Kosov, V.F., Zaichenko, V.M., Investigation of a two-stage process of biomass gasification, 2015,  
Chemical Engineering Transactions 43, pp. 457-462, DOI: 10.3303/CET1543077 

Prins M.J., Ptasinski K.J., Janssen F.J.J.G., 2006, Torrefaction of wood. Part 2. Analysis of products, Journal 
of Analytical and Applied Pyrolysis. 77(1), 35–40. 

 

138




