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Energy can be produced from biomass by biochemical, biological and thermal process. 

Pyrolysis is a thermal process that operate at temperature between 400-600C in absence of 

oxygen or with very low amount, to produce a bio-oil, char and gas. The best technology is 

fast pyrolysis that produce higher amount of liquid bio-oil, particularly 75% of liquid, -at 

500oC without oxygen, contact time lesser 2sec a drying of biomass till 10%, with 

dimension of particles of biomass of 3mm, using mainly bubbling fluid bed, However the 

bio-oil obtained with fast pyrolysis present a lot drawbacks: it presents a high amount of 

oxygen, high acidity, high viscosity, high moisture and chemical instability. Fast pyrolysis 

can be upgraded operating in the presence of a catalyst (in-situ) or with a downstream 

catalytic reactor to the that one of fast pyrolysis (ex situ). Besides it is possible upgrade the 

bio-oil transforming it in fuels and chemical products realizing the catalytic pyrolysis in 

presence of H2 (hydropyrolysis) or realizing hydrodeoxygenation reactions downstream the 

fast pyrolysis or using as reductants wastes from plastics, from rubber of tires or from 

organic wastes in order to realize a catalytic co-pyrolysis. 
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1. INTRODUCTION

With the demand of energy and re-utilization of wastes, the 

renewable lignocellulosic biomass, are today investigated to 

produce energy and to resolve environment problems. There 

are three generations of biomass: first-generation biomass 

includes starches (e.g., grains and potatoes) and carbohydrates 

(e.g., sugar cane and sugar beet) and they are also for food. 

From first-generation biomass is possible to produce bio-

ethanol and from oils it is possible to produce diesel. The 

second-generation biomass includes farm products (e.g., herbs, 

wood, straw, and rice husks) that an ice husks) that are not 

available as food, and mainly are lignocellulosic biomass The 

third-generation biomass are algae that contains lipids.  

Biomass can be converted to fuel and to chemical products 

by biological, chemical and thermal technologies. An example 

of the biological routes is the production of bioethanol from 

sugar cane by fermentation, an example of the chemical route 

is the esterification of vegetable oil to produce biodiesel; 

thermal technologies are combustion gasification and 

pyrolysis, and hydrothermal technologies. Pyrolysis it seems 

the most interesting technology. In this note will be examined 

many technologies to improve pyrolysis to produce fuels: the 

fast pyrolysis, the “in- situ- catalytic fast pyrolysis, the ex- situ 

catalytic- fast pyrolysis, the hydropyrolysis, the 

hydrodeoxygenation and the catalytic fast co-pyrolysis [1-3].  

2. PRE-TREATMENT OF BIOMASS

The pre-treatment of biomass is necessary to convert them 

into a more suitable feedstocks for pyrolysis and to improve 

the amount and the properties of the obtained bio-oil. The 

different methods of pre-treatment used are: physical methods 

(grinding and densification), thermal treatments at low 

temperature (torrefaction), chemical treatments (with acidic 

solutions or alkali metals) and biological methods [4-11]. The 

“Grinding” pre-treatment reduce the biomass particles sizes 

and density, improving the heat flow between the substrates 

and it decreases the degree of polymerization and 

crystallization of biomass components during the pyrolysis 

process and therefore influence the amount and the 

composition of bio-oil obtained. Particularly in fluid bed 

reactor of the fast pyrolysis treatment, the particle size of 

biomass must be <2 mm and in circulating fluid bed <6mm. 

The “Densification” pre-treatment is used because one of 

negative aspect of using biomass as feedstock for chemistry is 

its low density that could make difficult its transport and its 

store, and could lead to slow heat transfer trough the particles 

during pyrolysis. Densification is realized with a compaction 

process of biomass by applying mechanical forces to produce 

solid pellets or briquettes. The densification changes the 

density, the moisture content and the energy contents of the 

biomass and it increases heating and mass transfer efficiency 

of the pyrolysis process. The results of densification are: the 

increase of the amount of hydrocarbons in bio-oil and the 

increase the mass transfer efficiency of the pyrolysis process. 

The “Dry Torrefaction” is a thermal pre-treatment between 

200-300℃ at low heating rate in an inert atmosphere. During

torrefaction the fibrous structure and tenacity of the biomass is

changed which leads in decreasing the activation energy of the

pyrolysis process. With a pre-treatment at T 200-235℃ there

is a degradation of hemicellulose structure, at temperature

between 235-275℃ there is a depolymerization of the

hemicellulose and of several bonds of cellulose that are also

degraded, at temperature between 275-300℃ there is a

completely degradation of hemicellulose and almost

completely of the cellulose and it starts the degradation of the
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lignin. The torrefaction decreases the oxygen content of the 

bio-oil and improve the biomass structure to produce a better 

biofuel. The “Wet Torrefaction” is the pre-treatment in 

presence of water at temperature of 180-260℃. The 

“Chemical methods” treatment with acid alkali and hot water 

to remove the minerals and the alkali metals from biomass 

moisture and impurities of biomass improving the properties 

of bio-oil obtained. Besides the acid pre-treatment causes 

significant changes in the structure and increases the average 

pore diameter and energy density. It is well known that 

biomass mainly consists of lignin, cellulose and hemicellulose. 

The proportion of these three components in different types of 

biomass could influence the pyrolytic behaviour and cause 

difference in the chemical compositions of bio-oils. The 

biomass can contain inorganic minerals as phosphate, 

carbonates sulphates and chlorides and minerals. The minerals 

can present catalytic properties and they can influence the 

pyrolysis of biomass. Besides the insoluble inorganic species 

can remain in the bio-oil and can start polymerization or 

condensation and therefore its presence is not favourable for 

biooil properties. The acid pre-treatment is generally realized 

with sulphuric acid. The acid pre-treatment can also eliminate 

some lead compounds that are present in the biomass. The 

alkali pre-treatment is realized with NaOH, NH4OH, Ca(OH)2 

and improve the biomass structure especially remove the 

lignin component and improve cellulose digestibility. The 

alkali treatment of lignocellulose biomass leads to a 

solubilization of lignin and hemicellulose and remove the 

inorganic species present in the biomass. 

The “Hot water extraction” is realized at temperature 

around 200oC for a contact time of 15 min. and it is useful for 

breaking some linkages of hemiacetal linkages.  
 

 

3. FAST PYROLYSIS  

 

Pyrolysis is a thermochemical transformation in absence of 

oxygen to transform the biomass mainly in bio-oil and in small 

amount in char and gas depending on heating rate reaction 

temperature and residence time and it can be divided in slow 

pyrolysis, intermediate pyrolysis, flash pyrolysis and fast 

pyrolysis. In Slow pyrolysis the contact time can be hours and 

days and it is used essentially to produce biochar.  

Intermediate pyrolysis operates with auger reactor with 

heating rate with few minute, flash pyrolysis operates at 

temperature of 300-700℃ to produce essentially gas [12]. 

The characteristic of fast pyrolysis are: moderate 

temperature 400-600℃ slow residence time <5sec, high 

heating rate 10-200℃/s and the best reactor are fluidized bed 

and circulating fluid bed reactor and with a rapid cooling of 

vapours. The fast pyrolysis produces more liquid, there is more 

bio-oil, than the other pyrolysis technologies. The fast 

pyrolysis, there is the not catalytic fast pyrolysis produce too 

much oxygenated products with high water content. 
 

 

4. CATALYTIC FAST PYROLYSIS 

 

Catalytic upgrading of pyrolysis (CFP) vapours can be 

carried out either in-situ pyrolysis step or ex-situ catalytic step. 

In-situ CFP pyrolysis and catalytic upgrading occurring in a 

one-step with a single reactor process, while in ex-situ CFP it 

is required a transfer of the pyrolysis vapours from the initial 

pyrolysis reactor to a secondary reactor for catalytic upgrading 

[13-18].  

4.1 In situ Catalytic Fast Pyrolysis 

 

“In- situ fast catalytic pyrolysis” (called also catalytic fast 

pyrolysis) is the liquefaction of woody biomass by pyrolysis 

and its catalytic upgrading from oxygenates compounds to 

aromatics in the same reactor. The bio-oil obtained by “In situ 

catalytic fast pyrolysis” (in -situ CFP) is better of that one 

obtained by simple fast pyrolysis (FP) in terms of heating 

value, oxygen content, viscosity and stability [19-23]. The 

evolved vapours obtained with “in situ CFP” are converted in 

lesser reactive compounds than those produced by non-

catalytic fast pyrolysis and char and coke and catalyst are 

separated by cyclone present after the reactor and the char and 

coke after separation from catalyst are send to the combustion 

to produce energy and the catalyst is recycled. Solids removal 

prior to the eventual ex- situ upgrading step provides an 

advantage with respect to catalyst stability and choices 

minimization of the deactivation of the catalysts. The vapors 

are transformed in incondensable gas and liquid and an organic 

and aqueous liquid are formed. The organic liquid after 

separation from catalyst is send predominantly to 

hydrodeoxygenation reactor to produce biofuel (gas, gasoline, 

diesel and jet fuel). Aqueous liquid which contains organic 

acids can be used to produce H2 used in hydrodeoxygenation. 

Advantages of” In situ CFP” in confront with “Ex- situ CFP” 

are lesser capital cost due to a simpler process configuration. 

The negative aspects of “In situ CFP are the higher ratio 

catalyst /biomass, that it is necessary in order to have the same 

level of deoxygenation and the deactivation of the catalyst 

owing to adsorption of char. In-situ CFP technology aromatics 

and olefins form as bio-oil. The activities of all catalysts 

decreased with the increase in reuse cycles, but could be 

regenerated by using a simple calcination process. The most 

studied catalysts in catalytic pyrolysis of biomass have been. 

zeolites, mainly ZSM-5 and other zeolites such as MCM-41, 

MFI, Beta, Y, and mordenite. An alternative to zeolites is to 

use transition metals (Ni, Fe, Co) loaded on different supports. 

The role of the catalysts is to decrease the content of 

oxygenated compounds in the bio-oil, transforming them in 

aliphatic and aromatic hydrocarbons.  

 

4.2 Ex Situ fast pyrolysis  

 

“Ex situ catalytic fast pyrolysis” (ex-situ CFP) or “Two 

stages catalytic fast pyrolysis” is constituted by a fast pyrolysis 

reactor and a down- stream catalytic reactor for upgrading the 

bio-oil [19-23]. In ex- situ CFP the two reactions of 

transformation of biomass are separated and the optimization 

of the pyrolysis conditions and of the catalyst performance 

occurs separately [24-27]. In ex- situ CFP “biomass rapidly 

transform in a fast pyrolysis reactor at approximately 500°C, 

followed by the separation of produced solids (char and 

mineral matter) from vapours (including permanent gases) and 

the vapours are then sent to an ex- situ catalytic reactor for 

upgrading. The upgrading in the second reactor involves 

deoxygenation, hydrogenation and carbon-carbon coupling in 

the presence of a catalyst. In ex-situ CP it occurs independent 

control of pyrolysis and upgrading reaction conditions because 

it is possible to change the temperature and the contact time of 

the pyrolysis reactor and the type of catalyst and of the 

catalytic reactor. In the pyrolysis reactor is used a fluidized bed 

reactor, in the second stage where it is realized the catalytic 

reaction is used a fixed bed reactor and in “ex situ CFP” not 

only ZSM-5 as catalyst it used but also Pt supported catalysts 
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can be used. In fact, in “Ex-situ catalytic fast pyrolysis” char 

produced during pyrolysis which contain most of the ash, can 

be removed before the catalytic reactor, and this it is the reason 

that it allows the use of fixed bed reactor without deactivating 

the catalyst, with the possibility to use also Pt based avoiding 

the problems of attrition of the catalyst occurred in fluid bed. 

In “Ex situ CFP” it is possible to use lower ratio catalyst/ 

biomass to obtain the same level of deoxygenation and to 

operate at high contact time than in situ and at lower or higher 

temperature according to the used catalyst. In “Ex-situ CFP 

and “in.-situ CFP” similar amounts of aromatics + olefins are 

obtained, but more olefins it is possible to obtain, in “ex- situ 

CFP “because it is possible to operate at higher temperature.  

 

 

5. CATALYTIC FAST CO-PYROLYSIS  

 

In CFP there are two problems, the presence of oxygenates 

and the deactivation of the catalyst due to the formation of tars, 

it has been proposed, in order to give a solution to these 

problems, to realize the catalytic pyrolysis of biomass together 

with hydrogen containing feedstocks. Although CFP of 

biomass can promote the generation of aromatics and the 

removal of oxygen in pyrolysis products, it leads to hydrogen 

deficiency and limits the content of hydrocarbons. In order to 

make up for this defect, an hydrogen-rich material is added to 

the biomass to realize “Catalytic fast co-pyrolysis” (CFCP) 

and this solution is considered an effective way to alleviate the 

hydrogen shortage and reduce the amount of coke [28-36].  

The hydrogen containing feedstocks are plastic wastes 

(polyethylene, polypropylene, polystyrene, polyethylene 

terephthalate and polycarbonates), rubber from waste tires, 

organic wastes (household), marine wastes, seaweeds and 

sewage sludge and oily sludge. The addition of these 

feedstocks to the biomass resolves the hydrogen deficiency 

and facilitates deoxygenation, limit the deactivation and it 

decreases the formation of tars and also the formation of 

higher amount of polyaromatics. Besides the transformation of 

these wastes into useful products resolve also environmental 

problems realizing a circular economy. The catalytic fast co-

pyrolysis of biomass is a combination of fast catalytic 

pyrolysis and co-pyrolysis, via the introduction of appropriate 

raw materials to supply enough hydrogen to avoid the 

deactivation of catalysts. Similarly, to the common catalytic 

pyrolysis of biomass, reactions in the catalytic co-pyrolysis are 

also performed in an inert atmosphere. Acid and base catalysts 

are used at temperature between 500-600oC with a ratio 

biomass to wastes generally from 1 to 0,5. The co-pyrolysis of 

plastics with biomass is a promising chemical recycling 

method to effectively collect energy from waste plastics. 

Furthermore, plastics have high carbon and hydrogen contents 

with little oxygen, which makes the co-pyrolysis of waste 

plastics and biomass potentially valuable for the up-gradation 

of bio-oil. while the formation of alkane and alkene groups 

was promoted in the co-pyrolysis of cellulose and high-density 

polyethylene. 

 

 

6. PYROLYSIS OF BIOMASS AND HYDROGENATION 

OF BIO-OIL 

 

Based on an assessment of the fuel price per mass of oil 

equivalent, it was concluded that a viable route for renewable 

liquid fuel production is fast pyrolysis coupled with catalytic 

hydrodeoxygenation (HDO). While fast pyrolysis is used to 

increase the biomass energy density by producing a liquid 

product commonly referred to as bio-oil, which can be 

transported more easily than solid biomass, catalytic HDO is 

used to enhance the fuel properties through oxygen removal in 

a H2 atmosphere using a suitable catalyst. Another promising 

technology is the coupling of fast pyrolysis and HDO in 

catalytic fast hydropyrolysis, where the HDO is performed 

directly in the pyrolysis reactor [37-38]. The H2 required for 

these processes could possibly be provided by electrolysis of 

water powered by wind or solar energy. There are main 

technologies to realize hydrogenation of bio-oil to transform it 

in fuels: Hydopyrolysis (Catalytic fast hydropyrolysis) by 

realizing fast pyrolysis of biomass and hydrogenation of 

formed bio-oil in the same reactor; hydrodeoxygenation by 

realizing in the first reactor the fast pyrolysis or the catalytic 

fast pyrolysis and in a second or in a second and third reactor 

hydrogenation. 

 

6.1 Hydropyrolysis 

 

Hydropyrolysis (CFHP) is the technology that it uses an 

hydrogenation catalyst together with a fast pyrolysis reaction 

and H2, in order to reduce the amount of aromatics 

transforming them in alkanes, to reduce the char and to 

produce methane as gas. Hydopyrolysis of biomass is the 

combination of fast pyrolysis and catalytic 

hydrodehoxygenation of biomass to produce directly 

renewable diesel and gasoline from biomass [39-41] The 

presence of hydrogen in the CFHP reactor increases carbon 

efficiency by shifting reaction pathway from decarbonylation 

and decarboxylation to dehydration, thus removing oxygen in 

the form of water. Inclusion of a ZSM-5 catalyst in the CFHP 

reactor assists in pyrolysis vapor deoxygenation and char 

reduction, while the presence of a transition metal, such as Ni 

or Ru may assist in hydrogenation reactions working at 35bar. 

Compared to catalytic fast pyrolysis, CFHP present higher 

yields of hydrocarbons and much slower catalyst deactivation 

due to coking decreasing. Yields and process economics are 

equivalent to those of fast pyrolysis followed by 

hydrodecoxygenation. Another advantage of CFHP is that the 

hydrogenation process is exothermic and the pyrolysis is 

endothermic. Besides the intermediate products of pyrolysis 

do not polymerize because they are immediate hydrogenated 

avoiding their polymerization. Some other catalysts in CFHP 

are NI/MCM41 and MCM41, Pd- ZSM-5, and CoMoAl2O3. 

HCFP produce two liquid phases: an organic containing a 

mixture of hydrocarbons and acqueous phase, a solid (coke) 

and gas. 

Catalytic fast hydropyrolysis (CFHP), which combines fast 

pyrolysis with catalytic hydrodeoxygenation in a single reactor, 

eliminates the need for reheating condensed bio-oil, lowers 

side reactions, in order to produce a stable oil with low oxygen 

content, H/C ratio, and heating value comparable to fossil fuels. 

In order to realize CFHP it is necessary to optimize the 

operating conditions (temperature, the H2 pressure, and 

residence time) and the catalyst formulation to maximize oil 

yield and minimize cracking, coke formation, and catalyst 

deactivation,  

 

6.2 Hydrodeoxygenation 

 

This technology is the realization of biomass pyrolysis 

followed by hydrodeoxygenation used to upgrade fast 
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pyrolysis bio-oil, as oxygenates present in bio-oil react with 

hydrogen to produce a stable hydrocarbon fuel and water, 

which is removed by separation. Single stage HDO of 

condensed bio-oil is unsuited for commercial scale bio-oil 

upgrading, as the coking and polymerization, which occurs 

upon re-heating of the bio-oil, rapidly deactivates the catalyst 

and plugs the reactor [42-45]. Dual or multiple stage HDO has 

shown more promising results, as the most reactive oxygenates 

can be stabilized at low temperature prior to deep HDO for full 

deoxygenation. Coke formation could be minimized by 

maintaining a high hydrogen pressure during catalytic fast 

hydropyrolysis. If instead HDO is performed on condensed oil 

in a separate step, coke formation should be limited by 

multiple stage processing. Here, the reactive cellulose and 

hemicellulose derived oxygenates are hydrogenated in the first 

part of the HDO reactor at low temperature (from below 80°C 

to 180°C), and the final part of the HDO reactor cracks and 

deoxygenates the refractory lignin derived oxygenates at high 

temperatures (>300°C). Regarding the more traditional one 

stage HDO with a single reactor operated at 250–400°C, 

coking during heating of the oil will be so severe that catalyst 

deactivation, low energy recovery of the oil, and plugging 

make the process infeasible. Due to the thermal instability of 

bio-oil, catalytic fast hydropyrolysis with immediate product 

stabilization seems an alternative, promising approach 

compared to sequential non-catalytic fast pyrolysis and single 

stage HDO of the condensed oil. Catalytic fast hydropyrolysis 

can be coupled with downstream HDO of the pyrolysis vapor 

for further product upgrade, prior to condensation of the 

produced oil. Another option is to couple non-catalytic fast 

pyrolysis with downstream HDO of the pyrolysis vapor. 

However, for all three options (catalytic fast hydropyrolysis 

with and without downstream HDO, and fast pyrolysis with 

downstream HDO), several tasks remain. One example of 

HDO is a two-stage hydrodeoxygenation process for pyrolysis 

bio-oil: the first step of the process is the catalytic 

hydrogenation of the thermally unstable bio-oil at a 

temperature of 270 °C and pressure of 136 atm using Co-

Mo/Al2O3 or Ni-Mo/Al2O3 catalysts that were sulfides firstly 

in the reactor. The thermally unstable bio-oil compounds 

usually decompose, forming cock that directly plugs the 

reactors. The main hydrodeoxygenation reaction primarily 

occurs in the second step, which involves a catalytic 

hydrogenation reaction but at a higher temperature, reaching 

up to 400°C, and at the same pressure using the same catalyst. 

Different groups of catalysts have been investigated for the 

HDO of fast pyrolysis bio-oil, which can be classified into 

sulphides, transition metals, phosphides, and other catalysts 

(carbides and nitrides). 

 

 

7. CONCLUSIONS 

 

The industrial application of fast pyrolysis is the up-grading 

of bio-oil by hydrodeoxygenation and by co-pyrolysis with 

plastics in order to obtain fuels similar those ones obtained 

with petroleum. Catalytic HDO is a promising technique for 

upgrading bio-oil, and much research has been devoted to 

developing and understanding catalyst systems as well as 

reaction and deactivation mechanisms. Particularly 

deactivation is a major issue in HDO. Recent studies revealed 

that catalytic co-pyrolysis promoted the production of 

upgraded bio-oil via reduction of oxygenated compounds and 

increased the production of aromatic hydrocarbons. There are 

several steps to commercialize the co-pyrolysis process 

including the application of high feedstock/catalyst ratio, 

development of the catalyst that suppresses coke formation, 

Pyrolysis is considered the most promising way to convert 

biomass to fuels. Upgrading biomass pyrolysis oil is essential 

to produce high quality hydrocarbon fuels. The high oxygen 

content of bio-oil leads to its undesirable properties, such as 

chemical instability and a strong tendency to re-polymerize. 

Acidity, low heating value, high viscosity and water content 

are not conductive to making bio-oils useful as fuels.  
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