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In this chapter, we describe reactors used for thermochemical conversion of lignocellulosic 
biomass into fuels, energy, and chemicals. The first part of the chapter (sections 1 -2) provides 
basic definitions and concepts involved in biofuels and thermochemical conversion of biomass. 
These sections are intended for the reader that is not familiar with thermochemical conversion. 
The remainder of the chapter covers the main reactor configurations currently in use, defines 
important parameters for reactor design, and discusses how they affect reactor performance. 
After reading this chapter, the reader will understand the main characteristics of reactors for 
thermochemical conversion of biomass, their strengths, and weaknesses for specific applications.  

1 Biofuels  - Basic Definitions 

The term thermochemical conversion of biomass is generally used within the context of biofuels, 
so it is important that some definitions are clear before we start the discussion. The reader that is 
already familiar with the basics of biofuels and technologies for conversion of biomass can skip 
this session entirely. Otherwise, the definitions presented here will be needed to understand the 
topics covered later in this chapter.  

The term Biofuels refers to fuels, in gas, liquid or solid form, that originate from renewable 
biomass. This definition includes ethanol from corn starch or sugarcane, biodiesel, or any fuel 
that originates from lignocellulosic biomass and algae. Biofuels are generally advocated because, 
in contrast to conventional fossil fuels, they provide a renewable (and therefore sustainable) 
source of energy. In addition, biofuels present benefits from a carbon emission perspective: 
plants capture CO2 from the atmosphere during photosynthesis, and any potential release of CO2 
due to the use of biofuels is offset by the amount of CO2 used by the plants. As a result, the net 
emission of CO2 due to the use of biofuels is generally close to zero, and we refer to the process 
as being carbon neutral. It is also believed that, in general, combustion of biofuels for generation 
of energy leads to less emission problems when compared to the combustion of fossil fuels. And 
in addition to all the environmental benefits, biofuels are considered strategically important for 
energy security in many countries because they have the potential to decrease dependence on 
imported foreign oil resources. Primarily for these reasons, the interest in biofuels has 
skyrocketed during the last years. The main obstacles for the development of biofuels, however, 
have been questions about their economic viability. Several researchers are currently working to 
address these concerns. 

Biofuels are generally referred to as first, second, or third generation. This nomenclature simply 
refers to the chronological order in which certain classes of biofuels became of popular use. The 
first generation biofuels include biodiesel, ethanol from fermentation of sugars from corn grain 
(primarily produced in the United States), and from sugarcane (primarily produced in Brazil). 



While much attention has been devoted to the second and third generations biofuels, almost all 
the biofuels commercially available today are first generation biofuels. The production of 
biodiesel from triglycerides is typically considered to be a viable and well developed process. 
However, the limited availability of feedstock prevents biodiesel from generating a large impact 
on countries where it is used. The only biofuel produced in substantial quantities is ethanol, 
primarily in the US (13.9 billion gallons) and Brazil (5.6 billion gallons). In the US, most of the 
ethanol produced is blended with gasoline at a 10 % vol. ratio. In Brazil, cars have been running 
on ethanol since the 1980s, and today most vehicles accept any ratio of ethanol to gasoline (these 
any named flex cars). 

First generation biofuels (ethanol in particular) face three major criticisms: 1) intensification of 
their use leads to competition with food resources (the food versus fuel debate), and 2) ethanol 
production from corn grain requires significant consumption of fossil resources, in such a way 
that there are minimum benefits from the carbon emissions perspective, and 3) requirement of  
for land to grow corn. 

Second generation biofuels are those fuels that originate from lignocellulosic biomass. They 
were developed to address the issues involved with the first generation biofuels. Lignocellulosic 
biomass refers to most vegetables, or any material comprised of cellulose, hemicellulose and 
lignin. Cellulose is a linear biopolymer composed of glucose units connected by ether bonds, 
with polymerization degree among 7,000 and 10,000. Cellulose chains gather to form a structure 
where crystalline and amorphous zones can be found. The chemical structure of cellulose is 
shown in Figure 1. 

Figure 1. Chemical Structure of Cellulose. 

The hemicelluloses are a group of ramified and amorphous polymers made up of hexoses, 
pentoses and glucuronic acid. They have low polymerization degrees (50-300). The main 
components of the hemicelluloses are shown in Figure 2. 



 

Figure 2. Hemicellulose Monomers. 

The lignins are crossed-linked and amorphous phenolic polymers. Its aromatic structure in a 
three dimensional macromolecular network provides high chemical stability. The lignin 
monomers are shown in Figure 3. Of the three components of lignocellulosic biomass, lignin is 
the one that provides mechanical stability, and is often referred to as the “glue” that keeps the 
components together. 

Figure 3. Lignin Monomers. 

The most obvious advantage of second generation biofuels over first generation biofuels is that 
they are non-edible, so there is no competition with food. In addition, life cycle assessment 
studies show that the overall consumption of fossil fuels are much lower for second generation 
biofuels, so there is a large advantage in terms of carbon emissions (the net emissions are 
actually close to zero in this case). Lignocellulosic biomass also includes a very wide range of 
feedstocks, from wood to grass to sugarcane bagasse and corn stover. Second generation biofuels 
can still be subdivided into energy crops and agricultural residues, depending on their origin. 
Plantations of switchgrass in South Dakota or hybrid poplar in Oregon are energy crops, since 



they are grown with the intended purpose of energetic use. Sugarcane bagasse and corn stover 
are, instead, agricultural residues because they are unintended by-products of processes. The use 
of agricultural residues for second generation biofuels carries two major benefits: 1) the 
feedstock is readily available as a waste and there are no costs or land requirements associated 
with its production; and 2) their use helps to eliminate a residue which otherwise would 
constitute a waste. Overall, second generation biofuels present several environmental advantages 
over their first generation counterparts, but the conversion processes are typically more 
expensive. The cost of conversion is the major obstacle for the development of viable, 
commercial scale plants for second generation biofuels. 

Third generation biofuels are the biofuels that originate from algae. Algae has been advocated as 
an excellent biofuel feedstock because of its extremely high growth rate and because it grows in 
ponds, eliminating any need for arable land. Interest in third generation biofuels is recent and is 
currently growing. The major questions surrounding the viability of algae for biofuels refer to the 
requirements for growth, especially CO2 that needs to be supplied. 

The technologies and reactor configurations covered in this chapter are primarily used for 
production of second generation biofuels. In addition, it is possible for these technologies to 
produce chemicals and products that can be sold and improve the economic viability of 
processes. A plant that converts biomass into fuels and chemicals is usually referred to as a 
biorefinery.   

2 Thermochemical Technologies 

It is important that we keep in mind that lignocellulosic biomass is, of course, a fuel in itself, and 
can be directly used to generate energy through the thermochemical process known as 
combustion. The solid form of lignocellulosic biomass and its low density, however, make it a 
low-value fuel for inefficient processes, with very limited applications. When lignocellulosic 
biomass is efficiently converted into gases and liquids, it can be used in a number of energy 
applications, which range from electricity to transportation fuels. This includes ethanol from 
hydrolysis and fermentation. 

Technologies for production of biofuels are generally classified in two types: biochemical 
conversion and thermochemical conversion. Biochemical conversion methods, which are based 
on hydrolysis and fermentation, have been used to produce ethanol since the first generation 
biofuels. For lignocellulosic biomass, they typically involve a pre-treatment step, which is 
designed to isolate the lignin component from the cellulose and hemicellulose. Later, the 
cellulose and hemicellulose undergo a hydrolysis step, in which they decompose into sugar units. 
Finally, the sugars are fermented in the presence of enzymes (a biological catalyst) to produce 
ethanol.  

In contrast, thermochemical technologies use high temperature to convert lignocellulosic 
biomass into fuels that can be gases, liquids, or even solids at room temperature. Depending on 



the type of process and products desired, thermochemical processes use temperatures as low as 
200-300°C, or as high as 1200°C. Unless complete combustion is desired, the reactions typically 
take place in a non-oxidant or partially oxidant atmosphere. Given the complex structure of 
lignocellulosic biomass, products from thermochemical process are also complex, because they 
are the result of hundreds or even thousands of chemical reactions. Lignocellulosic biomass is a 
mixture of polymers, and at high temperatures, the polymeric structure breaks down, forming 
oligomers, monomers and a variety of other compounds. As a consequence, the description of 
thermochemical processes using a finite number of individual chemical reactions is one of the 
major challenges involved in this field. To simplify analysis, researchers often resort to the use 
of lumped models, which gather a large number of chemical species into groups with specific 
characteristics. Literature models that describe thermochemical processes often include lumped 
species such as “volatiles”, “secondary char”, or “permanent gases”. 

Biochemical technologies for conversion of biomass are much more common than 
thermochemical technologies. There has been a great deal of discussion in the literature about 
whether biochemical or thermochemical technologies would be more appropriate for the 
conversion of biomass into fuels. Criticism of biochemical methods typically involves the high 
cost of enzymes, need of biomass fractionation and low yields of biochemical systems. In the 
other hand, thermochemical processes require high temperature and therefore a larger energy 
input, and selectivity to desired products is often a problem. It is likely, though, that biochemical 
and thermochemical technologies will have to synergistically operate in order to make the 
biorefineries of the future technically and economically feasible. For instance, biochemical 
conversion can be used to convert cellulosic components, but thermochemical conversion may 
be the only way to convert the lignin into useful products. For the remainder of this chapter, we 
will focus on thermochemical technologies.  

The three more common thermochemical processes are combustion, pyrolysis, and gasification. 
They differ basically in the temperature and the amount of oxygen present in the reaction 
medium. Combustion typically takes place at high temperature (often above 1000°C), and it 
requires at least the stoichiometric amount of oxygen needed to carry out complete combustion 
of the biomass. It is common practice, though, to use an excess of oxygen in order to guarantee 
complete combustion. Of course, the products of complete combustion are carbon dioxide and 
steam, so the useful product of combustion is the energy released during the reactions, which are 
highly exothermic. In pulp and paper mills, the lignin which is isolated from the cellulosic 
components is typically combusted to generate process energy. 

Pyrolysis is the thermochemical decomposition of biomass in a non-oxidant environment. In 
pyrolysis reactions, it is very important to keep the oxygen from air out of the reaction medium. 
In pyrolysis, there is typically no reactant apart from the biomass itself, and the heat provided to 
the solid breaks its polymeric structure into smaller units. The medium in pyrolysis is often an 
inert gas, such as helium and nitrogen. Pyrolysis always produces several phases as products: a) 
bio-oil – this is a mixture of compounds which at pyrolysis conditions is either in vapor or 



aerosol form, but can be collected as a liquid once it is cooled down to ambient temperature, b) 
char - this is a carbonaceous solid material. It may be produced directly from lignocellulosic 
biomass, or it can be a product of secondary reactions between the organic vapors, or the organic 
vapors and char. Sometimes it may be referred to as biochar, especially when it is the desired 
product; and c) permanent gases - these are species with boiling point lower than room 
temperature, so they are gases at both pyrolysis conditions and room temperature, and will not 
condense even after the products are cooled down to room temperature. The main permanent 
gases in pyrolysis are hydrogen and carbon monoxide, but carbon dioxide, methane, and small 
quantities of short-chain hydrocarbons are also produced.      

The ratio of bio-oil/char/permanent gases produced in pyrolysis is only a function of the 
pyrolysis conditions. The range under which pyrolysis can be performed is very wide, so it is 
usual to divide pyrolysis in two types: slow pyrolysis and fast pyrolysis. Slow pyrolysis typically 
uses temperatures in the range 300-400°C. The residence time of the primary organic vapors is 
typically long, in the range of minutes. As a consequence, the primary products react among 
themselves or with the char, producing substantial amounts of char and consuming the 
condensable products. Char (or biochar) is the desired product of slow pyrolysis, which usually 
produces 35 % char, 30 % liquid, and 35 % permanent gases. The heating rates of the solid in 
slow pyrolysis are small, in the range of 5-50°C/min. Application for biochar involve its use as a 
soil amendment. In fast pyrolysis, the temperature is typically in the range 400-600°C. The solid 
biomass is heated as quickly as possible to minimize the likelihood of secondary reactions 
involving the organic volatiles (some lab scale pyrolyzers apply heating rates as high as 
20,000°C/sec). The residence time of the primary organic volatiles formed in the reactor is short, 
ideally no more than just a few seconds. After the char is separated in a cyclone, the organic 
volatiles need to be quickly cooled down in condensers, forming the liquid bio-oil. Typically, 
fast pyrolysis generates 70-75 wt % of bio-oil, 10-15 wt.% char, and 10-15 wt % permanent 
gases. Bio-oil, the desired product of fast pyrolysis, can be used in applications like heating, 
power, and chemicals. Great interest has been devoted to the application of bio-oil as a 
transportation fuel, but there are challenges involved. Pyrolysis is an endothermic process, 
though, so keeping a pyrolysis reactor at the desired temperature is energy-intensive. Figure 4 
shows a typical fast pyrolysis system. 



Figure 4. Basic Components of a Pyrolysis System. 

Gasification is a thermochemical process that converts a solid fuel into a gas fuel. In the last 
century, gasification has been extensively used for coal, and today its use has been extended for 
lignocellulosic biomass. Gasification is typically performed at temperatures around 800-900°C, 
in a partially oxidant atmosphere, and it produces carbon monoxide and hydrogen as desired 
products. Just like pyrolysis, gasification also produces char and organic volatiles. The difference 
is that, in gasification, the organic volatiles are not quickly condensed, and are typically carried 
with the gas product, forming a viscous substance called tar. Both tar and char are undesirable 
for gasification applications, and separation of tar is considered one of the major technical 
difficulties. Pyrolysis reactions are actually part of the gasification process, and they are a major 
source of the product gas. Contrary to pyrolysis, though, the gasification medium typically 
contains oxygen. The main purpose of this oxygen is to promote combustion reactions to some 
extent, providing energy to the reactor system and decreasing heat requirements. There is a 
number of applications to the gas from gasification, which may include combustion in turbines to 
generate energy, and production of chemicals like methanol. We will discuss these applications 
in more detail later in this chapter. 

In addition to combustion, gasification and pyrolysis, thermochemical technologies include other 
variations, many of which require adding another substance as reaction medium. For instance, 
sometimes pyrolysis can be performed in the presence of hydrogen gas, in the process known as 
hydropyrolysis. In hydropyrolysis, the hydrogen is another reactant that affects the product 
distribution. Still, other thermochemical processes may use hot liquid or even supercritical fluids 
as reaction medium. Water is a common solvent for these systems, which are known as 
hydrothermal processes. One characteristic of these processes is that they are not only performed 
at high temperature, but also at high pressure: some examples are supercritical water gasification 
of biomass, and hydrothermal liquefaction of algae. The energy requirements and capital costs 



for construction of systems for these processes is typically higher than for other thermochemical 
systems. Table 1 summarizes some of the main thermochemical technologies and their features. 

Technology Conditions Liquid Char Gas 

Fast 
pyrolysis 400-600° C, few seconds residence time  75% 12% 13% 

Slow 
Pyrolysis 300-400° C, minutes reside time 30% 35% 35% 

Gasification 800-900°C, seconds residence time 5% 10% 85% 

 

In the next session, we will look into the more common reactor configurations for 
thermochemical conversion of biomass. We will discuss reactions for fast pyrolysis and 
gasification. 

3 Reactor Configurations for Fast Pyrolysis 

Fast pyrolysis is the one which has attracted the most attention in recent years. The reason for the 
large research effort on fast pyrolysis is that it produces, in a single step, a liquid fuel (bio-oil) as 
its major product. While bio-oil is currently used as a fuel primarily for heating applications, the 
hope of many scientists is that it could be used as a transportation fuel, reducing demands on 
imported fuels as well as environmental impacts associated with cars and airplanes. Following 
are the main reactor configurations that have been used in fast pyrolysis: 

3.1 Bubbling Fluidized Bed Reactor 
A fluidized bed consists of a bed of particles that is kept fluidized by the continuous upward flow 
of a gas. Typically, the system consists of a vertical cylindrical tube with a perforated distributor 
plate at the bottom. Some material in particulate form (usually sand) is placed inside the tube, 
and gas flows from the distributor plate upward. If the velocity of the gas is small, the gas will 
simply flow around the particles and leave at the top. At this situation, we have what is called a 
fixed bed. If the gas velocity keeps increasing, at some point the force exerted upwards on each 
particle equals the particle weight. At that situation, the particle is suspended and the gas velocity 
is called minimum fluidization velocity. Any additional increase in velocity creates bubbles of 
gas that rapidly flow upward in the system. This is called a bubbling fluidized bed. A bubbling 
fluidized bed is shown in Figure 5.  



 

Figure 5. Bubbling Fluidized Bed. 

The bubbling fluidized bed presents several important characteristics: the intense movement of 
the particles promotes good mixing and uniform conditions throughout the bed, so heat transfer 
is very efficient and temperature control is straightforward. This system is well proven 
commercially, and scale-up is easy. Specifically for fast pyrolysis, the short residence time of the 
vapors can be controlled simply by varying the gas velocity. The bubbling fluidized bed is 
without doubt the most popular reactor for fast pyrolysis. The main disadvantage with fluidized 
bed reactors is that they require fairly small particles (2-3 mm) to minimize heat/mass transfer 
effects: this leads to expensive requirements for grinding lignocellulosic biomass. 

3.2 Circulating Fluidized Bed Reactor   

A Circulating Fluidized Bed Reactor is very similar to a Bubbling Fluidized Bed Reactor. The 
major difference is the gas velocity. If the gas velocity of a bubbling fluidized bed increases, at 
some point the force exerted on the particle will be enough to move it upwards, carrying it 
outside of the bed. This situation is called elutriation.  



In a Circulating Fluidized Bed, elutriation carries both sand and char particles outside of the bed. 
Once char and sand are separated from the main gas stream in the cyclone, the char is combusted 
to provide additional energy for the sand. The hot sand is then recirculated back into the reactor. 
In this type of reactor, the sand is the heat carrier and it provides a large fraction of the heat 
required to maintain the reactor temperature. For this reason, heating requirements for circulating 
fluidized bed are substantially smaller than those of bubbling fluidized beds. A schematic of a 
circulating fluidized bed is shown in Figure 6.  

Figure 6. Circulating Fluidized Bed. 

In oil refineries, Fluid Catalytic Cracking (FCC) units actually use this principle to avoid catalyst 
deactivation. The purpose of FCC is to convert the low-value, heaviest portion of the oil into 
lighter and valuable products such as gasoline and diesel. As the name implies, fluid catalytic 
cracking is based on maintaining the solid catalyst (a zeolite) in a fluidized state. In other words, 
the bed material is also the catalyst. During the process, coke is formed on the catalyst surface. 
Coke and char are similar materials: both are solid carbonaceous materials which result from 
thermochemical processes. The term “coke” is more commonly used in catalytic processes, 
though. After coke formation in the FCC reactor, the catalyst is sent to a regenerator, where the 
coke is burned off to provide the process energy. The regenerated catalyst is then recycled back 
to the fluidized bed. 



Just like bubbling fluidized beds, CFBs enjoy good temperature control and uniformity of 
conditions, as well as easy scale-up. The integrated system provides a way to save energy, but 
the system is also more complex and requires careful control in order to function properly.  

Because of the control requirements, CFBs are typically only used in commercial scale. Lab 
scale fluidized beds are almost always of the bubbling type. 

 
3.3 Auger Reactor 
The auger reactor also enjoys some popularity because of its simplicity of construction and 
operation. In the auger reactor, biomass is continuously fed to a screw (auger) which is typically 
filled with sand. Just like with the CFB reactor, the sand is preheated and works as the heat 
carrier in this system. Once the hot sand and biomass are mixed, the auger rotation moves the 
products along the auger axis until the end of the reactor, where the gases and organic volatiles 
leave at the top and char and sand are collected at the bottom. So, auger reactors require not only 
a continuous feed of biomass, but they also require a continuous feed of sand. Figure 7 shows an 
auger reactor. 

Despite its simplicity, the yield of bio-oil in auger reactors is typically in the range of 60 wt %, 
lower than what is achieved normally with fluidized bed reactors. Because of the way auger 
reactors are structured, the residence time of the vapors is much longer than in fluidized beds, 
which increases the likelihood of secondary reactions and the consequently increases the yield of 
char, in detriment to the yield of bio-oil. Still, this type of reactor is highly suitable for small-
scale systems. 

Figure 7. Auger Reactor. 

3.4 Vacuum Reactor 
In most pyrolysis systems, an inert gas such as helium or nitrogen is used to purge the air out of 
the system and promote a non-oxidant environment where pyrolysis takes place. The vacuum 
pyrolysis reactor is the only exception to this rule. As the name implies, the air is removed from 



the system by the use of vacuum rather than an inert gas. This requires the use of a vacuum pump 
after the system, which may complicate operation and make equipment more expensive. In 
principle, a variety of reactor configurations could be used for vacuum pyrolysis. The only 
characteristic that is common to any vacuum reactor is the absence of requirement for inert 
gases, which can be considered an advantage.   

In a vacuum reactor, heat transfer becomes more difficult because of the absence of a medium 
for convection. As a consequence, this type of reactor is characterized by slower heating rates. 
Still, it is possible for the vacuum pump to remove organic volatiles rapidly. Typically, bio-oil 
yields in vacuum reactors stay in the range 60-65 wt %. Despite its use in the lab scale, the 
vacuum pump requirements make the vacuum reactors very difficult to scale up. 

3.5 Ablative Reactors 
Ablative reactors are those in which heat transfer takes place primarily by solid-solid contact. In 
these reactors, biomass particles or entire wood rods are heated up by direct contact with a hot 
metallic surface. The solid-solid contact is an advantage from the perspective of increasing heat 
transfer rates. The main drawback with these reactors, however, is that the process is limited by 
surface area of contact, which makes the scale-up very difficult. Ablative reactors should only be 
considered for small-scale applications. The main ablative reactors are the vortex (or cyclone) 
reactor, and the cone reactor. 

3.5.a Vortex (Cyclone) Reactor 

The vortex (cyclone) reactor was initially developed at the National Renewable National Lab 
(NREL). In the vortex reactor, a stream of gas in a tube at high velocity carries the biomass 
particles to the reactor. This gas/biomass mixture is then fed tangentially to a cylindrical reactor, 
in such a way that the biomass particles are forced against its internal walls. The centrifugal 
force causes the particle to collide against the wall. Cylindrical wall heaters outside the reactor 
keep the wall hot internally, in such a way that biomass is heated and pyrolyzed by solid-solid 
contact. The high velocity of the incoming biomass tends to abrade the product char off the 
walls, exposing the wall for further incoming particles. Figure 8 shows a vortex reactor. 



Figure 8. Vortex / Cyclone Reactor. 

The advantage of the vortex/cyclone reactor, just like other reactors based on solid-solid contact, 
is that the reaction takes place primarily at the surface of the particles, allowing large particles to 
be used, as long as they are light enough to be carried by the incoming gas. As a consequence, 
the overall heat transfer rate is primarily controlled by the heat transfer from the heater to the 
walls, rather than from the walls to the particles. 

Just like any other reactor that is based on heating biomass by contacting it with a hot surface, 
the vortex rector pyrolysis is surface area-controlled. That means the scale-up of these systems is 
very difficult, and they are typically only used for small scales. 

3.5.b Rotating Cone  

The rotating cone was developed at the University of Twente in the Netherlands. It is also based 
on the solid biomass being heated up by contact with a hot surface. The reactor is essentially a 
cone upside down, with its base open. The cone is heated on the outside surface, and it rotates 
continually. Biomass is fed along with sand, and it is driven centrifugally, rotating in a spiral 
trajectory until it leaves the reactor at the top (base). It has been proposed that the biomass and 
sand recovered at the top should go to a burner, so that the char can be burned and the sand 
returned to the reactor. Figure 9 shows a rotating cone. 



Figure 9. The cone reactor. 

Of course, the operation of this system is very complex, and it requires the smooth integration of 
three units: the rotating cone pyrolyzer, a riser for the sand being recycled, and a bubling bed 
char combustor. The system requires gas for the sand transport and char burn-off. Similarly to 
the vortex reactor, the scale-up of the cone reactor is considered extremely difficult. 

3.6 Selection of Pyrolysis Systems 

The selection of a reactor for a specific pyrolysis application requires consideration of several 
factors: application of the final product, desired heat transfer characteristics, and scale. We will 
illustrate the selection of reactors for pyrolysis through the use of some examples.   

Example 1. Suppose you are the engineer responsible for the design of a new fast pyrolysis 
reactor. For each situation given, please suggest an appropriate reactor type: 

a) The feedstock has large particle size and grinding is problematic; 

b) You want a popular, well-proven configuration to avoid problems with other new, less-proven designs; 

C) You need a small-scale unit with simple design and operation; 

Answers:  

a) If grinding is problematic, ablative reactors may be a good option because they do not require 
a small particle size. Only a small scale system would be appropriate, though. Auger reactors 
may also be a good choice in this case. 

b) The bubbling and fluidized bed are the most well-proven configurations for fast pyrolysis. 
Either one would be a good choice here. 



c) An auger reactor is probably the best example of a small-scale unit that has a simple design 
and straightforward operation. 

Example 2. Western forests in the US have been victims of severe attacks by the Mountain Pine 
Beetle in recent years. It is desired to convert dead trees into bio-oil via fast pyrolysis in mobile 
units. Suggest a reactor type for that conversion. 

Answer: For this specific situation, a mobile unit goes into the forest and carries out fast 
pyrolysis near the site of death. Since a mobile reactor is always a small scale unit and grinding 
biomass could be problematic in this case, an ablative reactor would be a good choice here. Dr. 
Resende at the University of Washington is currently developing an ablative system to carry out 
pyrolysis of beetle-killed trees. 

4 Gasification – Important Concepts and Definitions 

As previously mentioned in this chapter, gasification is the partial oxidation of a solid fuel at 
high temperature, generating primarily carbon monoxide and hydrogen as a product. Typically, 
about 25-35 % of the oxygen required for complete combustion of the solid fuel is used in 
gasification. The oxygen has the purpose of providing energy to keep the reactor temperature via 
combustion of part of the solid feedstock.  

Even though we talked about fast pyrolysis reactors first in this chapter, gasification is a much 
more well-established process than pyrolysis. Gasification has been largely used in the past as 
part of a process to convert coal to liquid fuels. This started during the 2nd World War, when the 
germans were running out of oil but realized they could obtain liquid fuels via a combination of 
gasification and Fischer-Tropsch. Gasification initially converts the coal into carbon monoxide 
and hydrogen. Next, the gases react in a Fischer-Tropch system to generate liquid hydrocarbons 
(we will discuss this application later). Another important application during the last 50 years or 
so is the production of hydrogen, which is a reagent for the production of ammonia/urea based 
fertilizer.  

One of the advantages of gasifying solid fuels rather than directly combusting them is the lower 
temperature required for gasification compared to combustion. In addition, the product gas is 
proper for cleaning and conditioning prior to use, decreasing overall process emissions, 
especially nitrogen oxides (NOx). Nitrogen oxides are a common pollutant in combustion 
processes, since the temperature is typically high enough for the nitrogen from the air to react 
with oxygen from the air or from the fuel. Interestingly enough, we typically refer to nitrogen as 
an “inert” gas, even though it is a reactant in an important industrial process such as combustion. 
In addition, pollutants like sulfur can be removed from the gas, such that combustion of the gas 
is cleaner than the direct combustion of biomass. 

As previously mentioned, the products from gasification differ from the products of fast 
pyrolysis: fast pyrolysis produces primarily bio-oil, with some amounts of char and permanent 



gases. In gasification, the gases (CO and H2) are the major products, with some char and tar 
produced. Tar is similar to bio-oil, but it is more viscous.  

The oxygen used in gasification systems typically originates from air. Air is not, however, the 
only oxidant environment used in gasification. Pure oxygen and steam are used as well. The 
choice of gasifying agent depends heavily on the application and will be discussed later in the 
text. 

An important definition in thermochemical technologies, and for combustion/gasification in 
particular, is the heating value. The heating value is the energy released by the complete 
combustion of a reactant in the presence of oxygen. There are two types of heating value – the 
lower heating value (LHV) and the higher heating value (HHV). The difference between them is 
the physical state of the product water. If the water produced is in the gaseous state (steam), we 
have the Lower Heating Value. If the water produced is in liquid state, we have the Higher 
Heating Value. The reason for the use of the terms “lower” and “higher” here are related to the 
magnitude of the heating value in each case. In order for the water to go from gas to liquid 
(condensation), the system needs to loose additional energy when compared to the case where 
water is in the vapor phase. That means the heating value will be higher when the water is liquid, 
and lower when it is vapor. Figure 10 illustrates this concept graphically. 

Figure 10. HHV and LHV. 

Two other important concepts related to gasification are the Carbon Conversion (Cconv) and Cold 
Gas Efficiency (CGE). Their definitions are: 

𝐶𝑐𝑜𝑛𝑣 = 100
𝐶𝑔𝑎𝑠

𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 



𝐶𝐺𝐸 = 100
𝐿𝐻𝑉𝑔𝑎𝑠

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 

The carbon conversion Cconv is a quantity related to the mass balance. It expresses how much of 
the carbon present in the original solid ends up in the product gas. The carbon conversion is a 
strong function of the system, but it can be as high as 98-99 % for some gasifiers.  

CGE is a quantity related to the energy balance. It expresses how much of the lower heating 
value of the initial solid ends up in the product gas. It tells us how much energy we can obtain 
out of the combustion of the gasification product, compared to how much energy we would 
obtain by directly combusting the solid. CGE for most gasification systems stay in the range 75-
88 %. The next two examples illustrate the use of these quantities. 

Example 3. Consider fuel gas made in two gasifiers, A and B. Both originate from the same 
biomass feedstock, and both have lower heating value 10 MJ/Nm3. The gas from gasifier A is at 
35°C, and the gas from gasifier B is at 800°C. Which one has the highest Cold Gas Efficiency? 

NPT (Normal Temperature and Pressure) = 20°C and 1 atm  

Answer: Both gasifiers use the same biomass as feedstock (same LHVbiomass), and both produce 
a gas with the same LHVgas. Therefore, the two gases have the same CGE. The temperature of 
each gas is irrelevant.  

Example 4. 100 kg/h of wet wood are dried from 50 to 10 wt % moisture. The wood is later 
gasified at 900°C, producing about 1 kg/h of residual char. Consider the elemental formula for 
the dry wood to be C6H10O5. If all the char formed is considered to be carbon, what is the carbon 
conversion of gasification? 

Answer:  

The wood starts at 50 wt % moisture, so we have 0.5 x 100 kg/h = 50 kg/h of dry wood. 

The elemental formula for the dry wood indicates that it contains 44.4 wt % of carbon. So the dry 
wood corresponds to 0.444x50 kg/h = 22.2 kg/h of carbon.  

Out of the 22.2 kg/h of carbon coming into the gasifier, 1 kg/h becomes char. The remaining 
21.2 kg/h of carbon are gasified.  

Therefore, the carbon conversion is 100 x 21.2 kg/h / 22.2 kg/h = 95.5 %.  

5 Gasification Steps 

Gasification consists of four primary process, which occur not necessarily in a particular order: 
drying, pyrolysis, combustion, and reduction. Note that pyrolysis, which is a process itself, is 
also one of the steps in gasification. The drying step is, in reality, undesired, because it increases 



the amount of energy used. Every lignocellulosic biomass contains water – in the case of woody 
biomass, this is typically 50 wt %. The drying process evaporates the water from the solid fuel. 
In the pyrolysis step, the solid biomass thermally decomposes in the absence of oxygen, 
producing charcoal and tar. The combustion step is desired in order to generate energy for the 
process. Air or oxygen react with the tar and charcoal from the pyrolysis step. In the reduction 
step, the carbon dioxide and water from the combustion step are reduced via reaction with the 
charcoal from pyrolysis, producing carbon monoxide and hydrogen – the two desired 
gasification products. Figure 11 shows the gasification steps.  

The reduction reactions are the most important reactions in gasification, because they convert 
gases with no heating value (CO2 and H2O vapor) into CO and H2.  

The reduction reactions for carbon dioxide and water with charcoal are known as the Boudouard 
reaction and the Water-Gas reaction, respectively: 

Boudouard Reaction:                            CO2 + C ↔ 2 CO 

Water-Gas Reaction:                        H2O + C ↔ H2 + CO 

In the above reactions, “C” represents the carbon atoms from charcoal that originates from the 
pyrolysis step. The reactions mentioned here are, of course, only the main reactions leading to 
the desired products. The gasification process is very complex and involves a large number of 
chemical reactions. A number of other reactions are also relevant: 

Gasification with Oxygen:                 C + ½ O2 ↔ CO 

Combustion with Oxygen:                  C + O2 ↔ CO2   

Hydrogasification:                              C + 2 H2 ↔ CH4 

Figure 11. Gasification Steps. 



These reactions are predominant if the oxidant medium is either air or pure oxygen. If, instead, 
steam is used as gasifying agent, the reactions with molecular oxygen are not as important. 
Instead, the water-gas shift reaction and the methanation reaction become more relevant: 

Water-Gas Shift: CO + H2O ↔ H2 + CO2 

Methanation: CO + 3 H2 ↔ CH4 + H2O 

The water-gas shift reaction is promoted because of the increase in water availability when steam 
is used. The water-gas shift can be understood as a pathway through which the H2:CO ratio 
increases. Note that, if that ratio at some point increases to 3:1, we reach the stoichiometric ratio 
for the methanation reaction, which in turn produces methane. Therefore, when steam is used as 
gasifying agent, one should expect larger yields of H2, CO2 and CH4, and lower yields of CO. 

Effect of Parameters. Two of the parameters that control product distribution in gasification are 
the heating rate and the gasifying agent. The heating rate, while not as drastically significant as 
in the case of pyrolysis, still may lead to changes in the gasification products. Basically, the 
heating rate may affect the sequence in which gasification steps occur: if the heating rate is low 
(< 1°C/s), the reduction reactions only start after pyrolysis is complete (reduction uses the 
charcoal produced in pyrolysis), which leads to a high concentration of volatiles in the system. 
There is a chance, therefore, that volatiles may leave the system unreacted. In the other hand, if 
the heating rate is high (> 100°C/s), pyrolysis and reduction reactions are simultaneous, 
consuming the volatiles quickly, and leading to a cleaner product, free of tars in the product gas. 

Perhaps the most important process parameter, though, for gasification processes, is the 
gasifying agent, because it can greatly affect product distribution. As previously mentioned, 
three gasifying agents are commonly used: air, pure oxygen, and steam. Air is of course the 
cheapest option and the most widely used – it provides a convenient source of oxygen for the 
oxidation reactions in the system. The quality of the gas is affected, though: the product gas is 
diluted because of the presence of large amounts of unreacted nitrogen which originate from the 
air, leading to a low heating value (4 -7 MJ/m3). 

When a higher quality gas is required, oxygen is used as gasifying agent. In addition of 
eliminating the need for undesired nitrogen, the pure oxygen ends up consuming methane, tar 
and any hydrocarbons in the product gas via combustion. As a result, the gas is essentially a pure 
mixture of H2 and CO. For applications in which impurities are undesired, it is highly 
recommended to use oxygen as gasifying agent. The heating value typically stays in the range 
10-18 MJ/m3. 

Lastly, steam can also be used as gasifying agent. As mentioned previously, one of the main 
effects of the use of steam is the increase in methane among the products. While this drives the 
products away from an ideal H2 and CO mixture, it also increases the heating value of the 
product gas, since the heating value of methane is higher than that of hydrogen and carbon 



monoxide. The heating value of the gas from steam gasification is typically in the range 15-20 
MJ/m3.  

Another form of gasifying agent which is similar to steam is supercritical water. Supercritical 
water is water above its critical point (374°C and 22 MPa). The supercritical state is essentially 
an intermediate between liquid and gas. The interesting feature of supercritical fluids is that they 
combine properties of liquids and gases as solvents: it is denser than a gas and has much higher 
diffusivity rates than liquids. Supercritical water has the ability to dissolve cellulose and lignin, 
fundamentally changing the reaction pathways through which gasification occurs, decreasing the 
amounts of tar and char produced. 

6 Applications for the Gasification Product 

The product gas from gasification, which is typically a mixture of CO and H2, is usually referred 
to as syngas. Syngas is a very useful product for a number of applications. The most obvious 
ones are those applications which involve burning the gas: heating and electricity. Heating is the 
most straightforward and reliable case, since the quality requirements are not high and there are 
no problems if the gas contains tar. For this application, it is also possible to co-fire the gas with 
coal or natural gas without requiring any infractructure changes. The electricity application is 
performed by burning the gas in gas turbines. Tar is, however, undesirable for this application 
because it can cause problems in the turbine operation. The tar needs to be removed prior to use, 
so the quality requirements for the electricity application are significantly higher than for 
heating. 

Another class of applications for the gas from gasification involves chemical conversion for the 
production of important chemicals and fuels. For instance, if the H2 and CO content of the gas is 
higher than 70 %, it is possible to produce methanol through the reaction: 

CO + 2 H2 ↔ CH3OH 

Of course, this type of application requires that the H2/CO mixture composes most of the gas, so 
that CH4, hydrocarbons and tar need to be minimized. For this reason, the use of O2 as gasifying 
agent is recommended for this application. 

Another synthesis application of syngas is the already mentioned Fischer-Tropch process. This 
process combines CO and H2 at high temperatures at varying ratios to make hydrocarbons, which 
are gasoline-like compounds: 

(2n+1) H2 + n CO ↔ CnH(2n+2) + n H2O 

The products of the Fischer-Tropsch reactions are a mixture of hydrocarbons, since a wide range 
of values for n can be used as coefficients in this reaction. As previously mentioned, Fischer-
Tropsch has primarily been used for converting coal to liquid fuels, but the principle could be 



used for conversion of biomass as well. SASOL, a company in South Africa, has been producing 
liquid fuels from coal for over 30 years.  

7 Reactors for Gasification 

There is a number of reactor configurations that have been used for gasification. Some of them 
are similar to the ones we already mentioned for fast pyrolysis, but some of them are largely 
different, especially due to the fact that gasification processes do not require short residence 
times. Following is a description of the main types of reactors: 

Updrafts Gasifiers. In an upgraft gasifier, the gasifying agent is fed at the bottom and moves 
upward inside the reactor. The biomass is fed from the top and slowly moves down as the solids 
are gasified. This way, the biomass and the gas move in countercurrent flows (this is also 
sometimes referred to as “countercurrent gasification”. The solid biomass is heated up as it 
moves down along the length of the reactor. For this reason, the gases leaving the reactor at the 
top typically do so at fairly low temperatures. As a consequence, the tar that is formed as the gas 
moves up is not cracked (consumed), and the product gas contains a significant amount of tar.  

Figure 12. Updraft gasifier. 

While this characteristic is problematic for many applications, it is important to note that the 
uncracked compounds lead to an increase in heating value and carbon conversion in the product 



gas. In addition, the gradual heating that takes place as the biomass moves down the reactor also 
creates distinct reaction zones in the system. From the bottom to the top, the zones are: the 
drying zone, the pyrolysis zone, the combustion zone, and the reduction zone. Ash removal takes 
place at the bottom. Figure 12 shows a schematic of a updraft gasifier. 

The gradual heating that takes place as the biomass moves down the reactor also creates distinct 
reaction zones in the system. From the bottom to the top, the zones are: the drying zone, the 
pyrolysis zone, the combustion zone, and the reduction zone. Ash removal takes place at the 
bottom. Figure 12 shows a schematic of a updraft gasifier. 

Downdraft gasifiers. In a downdraft gasifier, the gasifiying agent moves downward, co-current 
with the biomass. The biomass is fed from the top and the gasifying agent is fed somewhere 
along the length of the reactor (but not at the bottom). With this configuration, the hot synthesis 
gas produced at the top of the reactor heats up the incoming gasifying agent, decreasing the 
oxygen requirements due to heating. This ensures high thermal efficiency for this configuration. 
In addition, the gas leaves the reactor at the zone of highest temperature (the bottom), which 
cracks down the tar into smaller molecules, decreasing the tar content of the gas produced. A 
high carbon conversion to CO is obtained in this configuration. The low tar content is a very 
important feature of the gas from downdraft gasifiers, and makes this configuration an excellent 
choice for many applications. About 75 % of the gasifiers commercially operating are downdraft 
gasifiers, and most of them operate at small scale (up to 4 dry ton/h). Figure 13 shows a 
schematic of a downdraft gasifier. 



Figure 13. Downdraft gasifier. 

 

Bubbling Fluidized Bed. We discussed bubbling fluidized beds in the fast pyrolysis section. This 
configuration has good mixing characteristics, good temperature control and high reaction rates. 
The good mixing, however, has its drawbacks for gasification. Since the contents inside the 
reactor are very well mixed, the concentration of products/reactants is essentially the same 
everywhere in the reactor. This is very similar to a Continuous Stirred Tank Reactor (CSTR). As 
a consequence, the gas leaving the gasifier has practically the same concentration of tar as in 
other parts of the system, containing moderate tar levels (and also high particulates). For this 
reason, sometimes a tar catalyst cracking can be added to the bed in order to minimize the tar 
content in the product gas. It is also important to notice that part of the fuel may leave the system 
unreacted, which in turn decreases carbon conversion. On the positive side, bubbling fluidized 
bed reactors typically produce low SOx and NOx emissions, and this type of reactor is one of the 
few that can be easily scaled-up. 

Circulating Fluidized Bed. The circulating fluidized bed has also been discussed in the pyrolysis 
section. The CFB reactor for gasification presents two main advantages: first, the recirculation of 
contents improves carbon conversion, and second, burned char provides part of the process 
energy. This configuration is preferable at large scales (it would lead to high costs at low 
capacity). It is actually the most reliable configuration for large-scale applications, and it is easy 
to scale-up. 



Figure 14. Entrained Flow Gasifier. 

Entrained Flow. In an entrained flow gasifier, the solid is present as fine particles, and these are 
entrained through the system by a gasifying agent at high velocities. The high velocities in these 
reactors have the potential to lead to short residence times, and high temperatures are typically 
required to ensure complete gasification (1200-1500°C). The high temperatures lead to a very 
clean gas, with low concentration of tar and condensables. On the other hand, they also increase 
the risk of ash melting, though, and this is one of the main issues associated with this 
configuration. The need for high velocities also implies a high oxygen consumption. An 
entrained gasifier is shown in Figure 14. 

At this point, bubbling fluidized beds and circulating fluidized beds remain the most attractive to 
the market, and the most developed configurations for gasification. 

7.1 Impurities in the Gas 

While CO and H2 are the target gasification products, several other substances may be present in 
the product gas. These impurities can cause operational problems and also bring concerns in the 
application of the gas. Following we describe the main ones: 

Ash. Certain types of biomass contain significant amounts of ash. Ash melts and agglomerates at 
about 800-950°C. When that happens inside a gasification reactor, it forms heavy particles which 
fall to the bottom of the reactor, potentially leading to plugging problems. 

Alkali salts. Ash contains potassium salts that are corrosive to metal surfaces and can also poison 
catalysts. At 700°C, these salts vaporize and are carried by the main gas stream, being therefore 
difficult to remove. 

NOx. NOx is primarily a concern if air is used as gasifying agent, because nitrogen atoms from N2 
and from the biomass can combine with oxygen atoms from O2 and from the biomass to produce 
NOx.  

Tar. Tar is certainly the main impurity present in gasification products. It is corrosive and causes 
blockage problems. The removal of tar typically takes place via catalytic cracking. For heating 
applications, in which the quality requirements of the gas are not high, the removal of tar is not 
necessary. 

8 Summary 

In this chapter we discussed the basic concepts, reactor configurations and some design 
parameters for the two primary thermochemical technologies: fast pyrolysis and gasification. The 
conversion of lignocellulosic biomass into fuels and chemicals using these technologies has a 
large potential for generation of fuels and chemicals. A great amount of research is being 
devoted currently to the generation of liquid fuel from fast pyrolysis. The major challenge 



involved with thermochemical technologies is making their costs competitive with conventional 
sources of liquid fuels.  
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