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ABSTRACT 

ABSTRACT 
The significance of bio fuels production is increasing as fossil fuels are being depleted and energy 
security is gaining importance in the final energy mix. Moreover, bio fuel production offers the potential 
to alleviate concerns regarding global warming and air pollution. The process scheme design and 
parameter value choices used in this analysis are exclusively based on research domain literature by 
considering the state of the art of pyrolysis technology. Henceforth, the results should not be 
interpreted as optimal performance of mature technology, but as the most likely performance given the 
current state of scientific knowledge. 

The purpose of this thesis is to study and assess the technical and economic models for the conversion 
of woody biomass to valuable biofuel products via fast pyrolysis. The mass rate of wood is considered as 
100,000 t/y. Bio fuel production from pyrolysis is energy intensive process. Therefore, heat and energy 
requirement calculation for the process and optimum heat integration is necessary to improve the 
overall thermodynamic efficiencies for wood biomass pyrolysis. Three different cases are discussed in 
this thesis: 1. fast pyrolysis at 500 oC, 2. fast pyrolysis at 1000 oC   and 3. Slow pyrolysis at 500 oC.    

Literature study was conducted for different pyrolysis processes and based on their findings and results 
a model was developed on excel for the calculation of mass and energy balance. Mass balance results 
shows that the process can be selected on the basis of final product required. It was found that fast 
pyrolysis at 500 oC is used when bio oil is the priority product, for maximizing the syngas yield fast 
pyrolysis at high temperature 800-1000 oC is preferred. Similarly slow pyrolysis is used for maximizing 
bio char yield. It was also found that raw material type and its pretreatment also has strong influence on 
the pyrolysis process and final composition of bio fuels. 

Heat flux and energy streams for the pyrolysis scheme are also designed and syngas was selected to 
fulfil the heat requirements for different processes alongside with pyrolysis such as drying and grinding. 
It was found out that syngas combustion and heat recovery from the condenser will be able to fulfill the 
heat demand for pyrolysis process. However the specific heat requirement for fast and slow pyrolysis 
process varies. According to the calculations heat flux requirement for slow pyrolysis is higher than the 
fast pyrolysis. An explanation for this variability of the heat for wood pyrolysis is exothermic primary 
char formation process competing with an endothermic volatile formation process which makes it as 
overall endothermic process. But pretreatment of wood or biomass in fast pyrolysis is extra burden on 
the total heat demand for fast pyrolysis. 

Economic assessment for the pyrolysis plants is also conducted through literature survey of already 
installed plants and it was found out that pyrolysis is more feasible for large production facilities. The 
trends shows that capital costs increase with the increase of plant size but the capital cost curve moves 
towards a straight line after reaching the certain value the production cost per gallon of bio fuel 
decreases with the increase of plant capacity. The cost of biofuel is extremely sensitive to variations in 
operating cost (for example, cost of feed stock such as wood and selling price of products) but is not 
significantly affected by the variations in capital cost. 

 

Keywords:  Bio energy, Wood, Biomass, Biofuels, Bio oil, Bio Char, Syngas, Pyrolysis, Combustion, Capital 
cost, production cost 
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INTRODUCTION 

 

1 INTRODUCTION 
1.1 Background and Aim of the Project 

With the rapid depletion of fossil fuels the world faces an enormous energy challenge to replace them 
and that too with sustainable options. The International energy outlook in its 2010 reference case 
projects that primary energy consumption will increase by 49 percent that is almost 1.4 percent a year 
from 522 EJ to 779 EJ in 2035. In addition, the International Air Transport Association (IATA) has set 
aviation industry targets of carbon neutral growth by 2020 with a 50 percent reduction in CO2 emissions 
by 2050, relative to a 2005 baseline. The aviation sector has concluded that low carbon fuels are an 
absolute necessity to meet these targets.       

Bioenergy has been regarded as one option to address this challenge. Bioenergy is a renewable energy 
source and biofuels produced use the CO2 released from the combustion of biomass and net CO2 
emissions is considered zero. This also assumes that new plants are planted after removal and reaping of 
wood and biomass.  It already forms an important part of many sectors, such as biomass systems for 
food, fiber, and forest products. In 2012, biomass accounts approximately 10% of the global energy 
supply. Out of which two thirds (34 EJ/year) of the energy use of biomass took place in developing 
countries for cooking and heating. The remaining use of biomass (18 EJ/year) took place in industrialized 
and developed countries, where biomass is utilized in industrial and private sectors which includes 
heating, power and road transportation. In 2009, about 13% of biomass use was consumed for heat and 
electricity generation while the industrial sector consumed about 15% and transportation sector 4%. 
The global consumption of biofuels in transport sector was approximately 2% of the total fuels use in the 
transport sector.  

The current use and progress of bioenergy suggests the exponential increase by 2050, analyses of 
available literature forecast the primary biomass potential use in the range of 100 to 300 EJ between 
this periods. In some markets large-scale use of modern bioenergy has already been part of the national 
fuel mix for several decades such as Sweden and Finland. However, its use is relatively recent 
phenomena in most markets. There are numerous reasons for an increased consumption of modern 
bioenergy other than GHG emission reductions, such as security of energy supply, the diversification of 
final energy supply, or the support of domestic industries (e.g. agriculture, forestry, processing, etc.). 
The specific factors vary from country to country, due to different policy frameworks, industry 
structures, and natural (agricultural) circumstances, led to the development of individual supply chains 
(e.g. feedstock choices) and demand/consumption patterns. 

Bioenergy from forests and agriculture have the potential to contribute to future energy needs and so 
secure the energy supply in countries highly dependent on imported energy sources and mitigate 
climate change primarily by substituting fossil energy alternatives. To substitute fossil fuels in the 
production of heat, power, transportation fuels, and chemicals, several biomass conversion routes are 
possible. Apart from the physical (pressing of seeds or fruits) and biochemical (anaerobic digestion, 
fermentation) routes, other routes include biomass combustion and gasification as the well-known step 
in the conversion chain. Since the early eighties of the past century, a new thermo-chemical conversion 
technique is being developed, which is intended especially as a biomass pretreatment step to facilitate 
its transport over long distances and to simplify its combustion and gasification. This technique is called 
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INTRODUCTION 

“fast pyrolysis”. While slow pyrolysis is well known technique to produce charcoal, fast pyrolysis is 
intended for the conversion of biomass to an intermediate, liquid bio-fuel that has a significantly 
increased volumetric energy density and much lower ash content than the original biomass. 

The purpose of this thesis is to study the technical and economic aspects of fast pyrolysis technique by 
considering the wood as a raw material specifically in Sweden.  

1.2 Thesis objectives 
The thesis has following main objectives: 

1. Calculation and estimation of mass and energy balance calculations for the pyrolysis by 
considering the Swedish wood as raw material. The mass rate of wood is taken as 100000 tons 
annually. 

2. Estimation of heat flux and power requirements for the pyrolysis plant and determination of 
whether the combustion of raw materials is enough for the heat requirement of dryer and 
reactor.  

3. To carry out the economics of pyrolysis plant by considering the data from already installed 
plants throughout the world. Specific cases such as fast pyrolysis at 500 oC and 1000 oC and slow 
pyrolysis at 500 oC are considered for the calculation and comparison of heat requirements. 

1.3 Structure of Thesis 
The thesis is structures into four main sections: 

1. In Chapter 2 the bioenergy and wood potential of Sweden is discussed. The production and 
consumption of biofuels in Sweden are discussed. Also production and flow of different types of 
wood fuel are found out and presented. 

2. In Chapter 3 state of the art of pyrolysis process is briefly discussed. More than 80 journals and 
doctoral thesis are reviewed and the findings are presented briefly. Analysis of individual 
pyrolysis processes with a number of various feedstocks is carried out. The overall range of 
potential processes and technologies is explored and a view of typical performance is given for 
main process types and feedstock. 

3. In chapter 4 mass and energy flow in the pyrolysis process is described both qualitatively and 
quantitatively. Three cases have been studied: fast pyrolysis at 500 oC and 1000 oC and slow 
pyrolysis at 500 oC. The heat flux requirements of individual processes and such as grinder, dryer 
and condenser and their effects on product yields and compositions are also discussed. Using 
published and derived data for selected pyrolysis processes a spreadsheet Excel model is used to 
calculate the mass and energy flows. Methodology and data for the process examples and 
reference cases are described in the same section. 

4. Chapter 5 deals with the economic analysis of pyrolysis plant are carried out by considering the 
data from literature. More than 15 pyrolysis plants of different capacities are reviewed and their 
results are presented. 

 
Conclusions of the thesis are summarized in a final section where some recommendations for future 
research directions in pyrolysis technology and some thoughts on experimental procedures are also 
collected. 
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2  BIOENERGY IN SWEDEN 
2.1 Present Situation   
 
Since 1970 the Swedish government took initiatives to decrease the country’s dependency on fossil fuels 
and making it more self-sufficient in energy and increasing energy security. Currently renewable energy 
accounts for almost half of the final domestic energy consumption (excluding transformation losses). 
Sweden has made considerable progress towards its long-term aim of an economy based on sustainable 
energy. Sweden is among the leading countries in terms of low-carbon intensity and high share of 
renewable energy in the total primary energy supply, with strong contributions coming from solid 
biofuels and biomass. This is the result of continuous political support and efforts of Sweden: an 
inflexible carbon dioxide and energy taxation, trading of emissions and the promotion of renewable 
energy resources under the electricity taxation, and under the electricity certificate system. For the 
longer term, Sweden put forward two goals and objectives: a) a fossil fuel-independent vehicle fleet by 
2030, and b) zero net greenhouse gas (GHG) emissions by 2050. 

By far the biggest contributor to Sweden’s renewable energy share has been bio-energy which includes 
mainly woody Biomass (firewood, waste wood, wood chips, pellets, and briquettes), ethanol, methanol, 
biodiesel, bio-oil, bio-gas, dimethyl ether and bio methane. The  

Figure 2.1 shows the share of different sectors in the final energy use in Sweden in 2011. Biofuels 
contributes about 20 % of Sweden energy consumption.[1] 

 
 

 

 

 

 

 

 

 

 

Figure  2.1: Share of different energy sectors in final energy use in Sweden in 2011, Source: Swedish Forest Agency 

 
The total use of biofuels in Sweden has increased from 2 TWh to 8 TWh in period 2000-2012. However, 
the growth trends vary for the different energy carriers’ results from the changing directions in Swedish 
policies. Currently, biodiesel is the leader among the bioenergy used in the Swedish transport sector. In 
2012, the contribution of biodiesel to the renewable energy mix in Swedish transport is approximately 
44%, followed by bioethanol with around 28%, renewable electricity (i.e. generated by biomass-, hydro- 
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and wind-power) with 18%, and upgraded biogas or syngas with near 10%. In 2012, final energy use is 
amounted to about 92 TWh in Swedish domestic transport sector, with renewable fuels comprises of 
8.5 TWh. The share of renewable fuels in the domestic transport sector has more than tripled in the last 
decade, i.e. from 2.5% in 2000 to 9% in 2012. By following the same trend, Sweden will exceed its 2020 
target of 10% renewable fuels by 2%, with renewable fuels accounting to approximately 12 TWh. 

The Figure 2.2 shows the increase of bioenergy in Sweden between 2000 and 2012 [1]. It shows that 
bioethanol was the key bioenergy carrier in 2000 with 60% contribution in total use of bioenergy. 
However, the trend changed from 2005 forward, which make biodiesel leader and key bioenergy carrier 
with 54% of contribution as compared to 34% from bioethanol and 12% from upgraded biogas in 2012. 
The figure also shows that bioethanol contribution in the bio energy mix could decrease further if the 
current behavior continues. Another important detail observed in the diagram is the symmetric shape 
between the bioethanol and biodiesel curve, which indicates a strong relationship between their 
symmetric behaviors.  

 

Figure  2.2: Bioenergy production in Sweden from 2000-2012  [1] 

Figure 2.3 shows the biofuel production and consumption in Sweden from 2006 to 2012. The 
consumption of biodiesel and bioethanol is greater than the production. This shows that despite 
reaching the goal of 10% renewable share in the domestic transport sector by 2020, Sweden is relying 
almost on biofuel imports. As a matter of fact, biofuel imports currently play an important role in 
fulfilling the goal and they may continue to do so. Figure 2.4 illustrates the Swedish biofuels imports and 
exports volumes in the region from 2006 to 2012 [1]. 
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Figure  2.3: Biofuel production and consumption in Sweden from 2006-2012  [1] 

 

Figure  2.4: biofuels imports and exports volumes in the Sweden from 2006 to 2012  [1] 

2.2 Swedish Forest Industry   

Sweden has almost 67% of land covered with forest, which makes it one of the richest countries in 
forests in Europe. They have 28.4 million hectares of forest of which approximately 22 million hectares 
are actively managed for multiple uses. The forest product includes timber, wood energy or fuel and 
felling residues. In Sweden, the forest standing stock has nearly doubled over the last century which is 
the continuous result of government policies for green environment. Currently, the mean growth rate of 
Swedish forests is 5.1 cubic meters per hectares per year. In the current Swedish model of forestry, the 
Forestry Act specifies equal importance for production, consumption and environmental goals in the 
managed forest landscape. Hence, all forest owners are obliged to sustain wood production while taking 
into account the biodiversity, enhancing recreational needs, protecting waters and soils and mitigating 
climate change.   
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The various parts of the forest industry are also linked with each other, as sawmill by-products, such as 
sawdust, shavings and chips, are used as raw materials in other sectors of the industry. Wood chips are 
to a large extent used by the paper and pulp industries. Sawdust and shavings cannot be used in the 
pulp and paper industry but are widely used in the pellet and board industries. The Figure 2.5 shows the 
share of different wood in Swedish forest sector and The  Figure 2.5 shows the wood flow in million m3 
Swedish market in 2011[2],[3].  

 
Figure  2.5 Share of different type of woods in Swedish forest sector: Source: Swedish Forest Agency [3] 

 

 

 

Figure  2.6: Wood flow in million m3 in Swedish market [3] 

Most important factor for the current replacement of fossil fuels with bioenergy in Sweden are the 
carbon dioxide tax and the renewable electricity certificate system. The forest industry and their by-
products are the major source of bioenergy in Sweden. A main driver for wood products is demand in 
the construction sector but this sector has declined in recent years. Increase in wood demand for energy 
rather strengthens the supply side due to the increase of marginal profitability of forest industry. So far, 
raw material competition between the energy sector and the traditional forest industry has been limited 

Birch 
13% 

Spruce 
41% 

Pine 
40% 

other decidous 
trees 
6% 

SHARE OF DIFFERENT WOOD IN SWEDISH 
FOREST SECTOR 

Production from 
Forests 70.9

Fuel wood, etc. 
6.2

Export 0.9

Import 5.9

69.7

Sawn Timber 
34.3

Pulp Wood 
35.4 

Wood Chips 
9.6

Saw Mills 24.7

Wood Fiber 
45.0

  Page 6 of 77 



BIOENERGY IN SWEDEN 

to use of wood for domestic heating and large heat-and-power plants. Sweden is an export-oriented and 
export-dependent as more than 80 % of sawn wood, paper and pulp production is exported.  

2.3 Wood Fuel and Wood Energy 
Wood fuel is a feasible source of energy for a variety of reasons such as technical, environmental, social, 
cultural, and economic. Wood has a number of environmental and economic advantages over fossil 
fuels:  
 

• A renewable resource; 
• Readily available via dependable supplies and production can be modified according to the 

needs through sustainable managed forests; 
• CO2 emissions are 90% less; 
• Due to minute amount of sulfur and heavy metals the particulate emissions are very less; 
• The energy recovered is cheaper than that of fossil fuels. 

  
Wood energy is basically produced from sawdust and other residues from sawmills and wood-related 
industries, other wood not demanded by the industry or trees of no industrial value, logging residues, 
and fuel wood. Types of wood fuel include: 
 

• Firewood; 
• Wood chips; 
• Wood Pellets; 
• Granules and briquettes; 
• Logging residues (branches, tops, stems) from final felling. 

 
Wood fuel can be used for: household needs, heat supply (stoves, central heating furnaces, and boilers, 
central heating plants (CHP), cogeneration stations, fuelling steam engines and turbines that generate 
electricity and production of various biofuels.  

During the 1980s and 1990s, the prices of wood fuels for heating purposes remained almost unchanged 
in Sweden. A long period of excess of by-products from the forest industry, with no potential market, 
meant that there were enough stocks of cheap and easily available fuels. With the increased use of 
biofuels for electricity and heat production, the demand of wood fuels has particularly increased and 
price levels rose during the 2000s. Greater recovery of branches and tops from clear felling has been the 
main factor in enabling the use of these fuels to be increased. Several factors indicate that greater use of 
waste wood for electricity and heat production can help to restrain expected future rising prices. 

Both the pulp industry and sawmills use sawdust and bark as fuel in their industrial processes. Between 
1970 and 2010, the proportion total energy use by industry provided by biofuels, peat etc. has increased 
from 21% to 37%. Biofuels are the main energy source in the pulp and paper industry and in the wood 
products industry. The use of biofuels in the district heating sector has increased more than five times 
since 1990. These biofuels are mainly wood fuels in the form of logging residues and low-grade round 
wood, as well as solid by-products from the forest industry. Peat, biomass, and waste wood are main 
wood fuels used mainly for heat and power production and for district heating of residential buildings. 
The growth in consumption is being seen in industry and district heating plants. The use of bioenergy in 
the residential sector and transport sector is also increasing. An advantage of district heating is its 
flexibility in terms of utilization of different fuels.  
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Since the 1970s, there has been a major shift towards the use of renewable fuels. In 2011, biofuels 
accounted for 47 %, waste for 20 %, peat for 4 %, oil for 4 %, natural gas for 5 %, coal for 5 %, heat 
pumps for 9 % and waste heat for 6 % of the energy input for district heating production in Sweden. The 
trend for the use of wood fuels in detached houses is increasing and amounted to some 12 TWh in 2011. 
The Figure 2.7 shows the share of wood and biomass in different sectors of energy in 2012. 

 
Figure  2.7: share of wood and biomass in different sectors of energy in 2012 in Sweden [3] 

Figure 2.8 describes the wood fuel production in Sweden converted to Twh in 2011. With sawdust and 
barks as a leader in the wood fuel industry followed by wood chips and Pellets and briquettes. 

 

Figure  2.8: Wood fuel production in Sweden in 2011,Source: Swedish wood fuel association [3] 

Table 2.1 & Table 2.2 shows the production of most important type of wood fuel used for the 
production of biofuels and volume of Swedish wood fuels equivalent to 1 m3 of fuel oil. 

District heating 
(Heat), 38 TWh; 

31 % 

Biofuels, 54 
TWh; 43 % 

Residential 
sector, 16 TWh; 

13 % 

In electricity 
production, 8 

TWh; 5 % 

District heating 
(Electricity), 9 

TWh; 7 % 

SHARE OF WOOD AND BIOMASS IN 
DIFFERENT SECTORS 

0 2 4 6 8 10 12 14

Tops and branches

Firewood

Recovered wood

Briquettes from round ood

Pellets and briquettes

Wood chips

Sawdust and bark

Wood Fuel Production 2011 Twh 

  Page 8 of 77 



BIOENERGY IN SWEDEN 

Table 2.1 : production of different wood fuel in Sweden from 2005-2011 Source: Swedish energy agency 

 Year Firewood Wood Chips, Saw dust Pellets Total 
Mill. M3 Pilled vol TWh Mill. M3 loose vol TWh 1000 tonne TWh TWh 

2005 7.2 8.9 821 0.6 329 1.5 11.0 
2006 6.4 7.9 683 0.5 394 1.8 10.2 
2007 6.6 8.2 975 0.7 481 2.2 11.1 
2008 6.8 8.4 927 0.7 470 2.2 11.3 
2009 7.4 9.2 710 0.5 599 2.8 12.5 
2010 7.4 9.2 724 0.5 570 2.7 12.4 
2011 7.1 8.9 653 0.5 560 2.6 12.0 

1 m3 Pilled volume = 1.24 MWh 
1 m3 loose volume = 0.75 MWh 
1 tonne pellets = 4.67 MWh 
  

Table 2.2: Volume of different Swedish wood fuels equivalent to 1 m3 of fuel oil. [4] 

Fuel Type Volume, m3 
Fuel Oil 1.0 
Swedish Wood pellets 3.4 
Swedish Wood briquettes  3.5 
Swedish Straw briquettes 3.9 
Peat, 35% moisture 8.5 
Peat, 50% moisture 10.8 
Bark, >50% moisture 20 

 

Wood Chips 

Wood chips are a medium-sized solid material made by crushing or chipping larger pieces of stem wood 
and branches. There is a difference between wood chips from fresh and dried logging residues. 
Traditional uses of wood chips are solid fuel for heating buildings or in energy plants for generating 
electric power. In a number of cases coal power plants have been converted to run on woodchips. This is 
fairly straightforward to do, since they both use an identical steam turbine heat engine, and the costs of 
wood chips are comparable to those of coal. 

Wood pellets  

Wood pellets are very important raw material for the production of biofuels and growth of wood pellets 
industry has been growing exponentially since last decade. Wood pellets are made from the by products 
from sawmill and Pine and other types of wood. Sweden is one of the top industries in terms of 
production and consumption of wood pellets. The demand has increased so much that there was 
shortage of raw materials and Sweden has to increase the supply and Import the necessary material to 
meet the continued increasing demand. 

According to the Swedish standard pellets are distributed into three groups with different quality 
necessities, where pellets in group number 1 have the highest quality and pellets in group number 3 
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have the lowest. The premier group is suitable for small-scale consumers with higher demand for quality 
whereas the quality groups 2 and 3, with lower quality desires, are more appropriate for medium- or 
large-scale users. The groups are defined depending on the following parameters; durability, moisture 
content, ash content, length, ash melting point, density, heating value and share of fine fractions.  
 

Wood Briquettes 

Briquettes are high density biomass fuels used for heating in different systems. Wood briquettes are 
significantly larger than wood pellets. We can define a wood briquette as “A mass of ground fuel stuff 
shaped or pressed into a suitable unit with or without the aid of a binder” .Swedish Standards Institute 
(SIS) offers standards for solid bio fuels.  The briquettes are divided into three groups, each representing 
a bundle of precise quality with distinctive characteristics [4]. 
 
Peat  

Peat is an organic soil made with biomass decomposed in an anaerobic environment. Although peat is 
considered as fossil fuel by EU but Sweden has around 15% of its land area cultivated with peat. The 
annual growth of peat in Sweden is 18 TWh. Certificate of emissions are required for large scale 
combustion of peat however peat is slowly gaining a status of renewable resource and green electricity 
certificates are awarded for the production of heat and electricity with peat. 

Bark 

Bark is an abundant by-product from the sawmilling and wood pulp industries. Most of the bark stock is 
produced at the industries. There are usually no surplus of bark, unprocessed bark can be used as a fuel 
in the pulp industry, in heating plants or as fuel for drying wood at sawmilling industries. Bark has a 
higher heating value but at the same time higher moisture and ash content.  However bark also has high 
amounts of critical elements which will lead to higher particulate emissions such as chlorine, potassium, 
sodium, nitrogen and sulfur, etc. 

ANALYTICAL ANALYSIS 
 
The elemental analysis of different type of Swedish wood has been shown in the Table 2.3 and Table 2.4 
that will be used in the future calculations[5],[6], [7]. The properties of wood pellets and briquettes can 
be modified by carefully selecting the raw materials. 
Table 2.3: Elemental analysis of different types of Swedish wood [5],[6], [7]. 

Wood type C, wt.% H, wt.% O, wt.% N, wt.% S, wt.% Heating 
Value, MJ/kg 

Wood pellets 49.8 6.1 43.6 0.16 0.005 17-18 
Wood Briquettes 49.4 6.6 40.2 -. - 20.0 
Birch 48.8 6.0 44.2 0.5 0.01 20.0 
Pine 49.3 6.0 44.2 0.1 0.01 20.1 
Bark 47.2 5.6 46.9 0.3 0.07 20.9 
Wheat Straw 49.6 6.2 43.6 0.6 - 18.6 
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Table 2.4: Chemical analysis of different types of Swedish wood [6],[7]. 

Wood Type Cellulose, wt.% Hemi-Cellulose, wt.% Lignin, wt.% Extractives, wt.% Ash, wt.% 
Softwood 45.8 24.4 28.0 - 0.28 
Hardwood 45.2 31.3 21.7 - 2.8 
Birch 40.0 39.0 21.0 - 0.5 
Pine 40.0 28.5 27.7 3.5 0.5 
Bark 24.8 29.8 43.8 - 3.9 
Wheat Straw 30.5 28.9 16.4 2.4 4.7 
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3 LITERATURE STUDY: PYROLYSIS 
 
Pyrolysis is the combination of two Greek words “pyro” meaning fire and “lysis” meaning decomposition 
into components. Pyrolysis is defined as the thermal decomposition of biomass or carbonaceous 
material in the absence of oxygen. pyrolysis process tracks back to ancient Egyptian times, when they 
use tar and certain other embalming agents for sealing boats [8]. It was also found out that 5500 years 
ago pyrolysis was used to produce char [9]. The use of pyrolysis was increased and developed to 
produce char in order to produce heat specifically to burn tin and copper to produce bronze. In the 
1980s Pyrolysis process gained more attention when researchers found out the bio oil yield can be 
increased by using the fast pyrolysis technique i.e. heating the biomass at very fast rates and high 
temperatures to produce vapors followed by the rapid condensation of these vapors into bio oil [9]. It 
has been shown that pyrolysis technology can produce bio oil with high fuel to biomass ratio. In recent 
decades pyrolysis has gained attention on both research and production scale [10]. Lot of work is carried 
out and still going on in order to produce high quality bio oil for specific applications such as direct use 
of bio oil in small and big vehicles, aero planes, trains and ships [11],[12]. The state of the art of pyrolysis 
with a main focus on fast pyrolysis is presented here. 

Pyrolysis process is complex to define accurately when applied to “wood”. The previous research and 
practice consider it as carbonization with final product as bio char [9]. Earlier pyrolysis process was used 
to make the bio char for various applications like heat for domestic or production purposes but the 
major drawback for this technology includes slow production , low mass yield and low energy content 
product. In late nineteen seventies the focus of research was changed towards the bio oil yield from 
biomass in order to produce alternate fuels. Now Pyrolysis process is categorized as the production of 
bio oil as preferred product.  

Nowadays there are generally three common ways used to extract energy from wood. These are: 
combustion, gasification and pyrolysis. Combustion and gasification are considered as exothermic 
processes while pyrolysis is termed overall as endothermic phenomena [13]. Combustion is the burning 
of fuel in the presence of excessive air to produce heat. However, the process efficiency is very low 
(10%) with the great potential of air pollution [14]. Gasification is a partially oxidizing process that 
converts wood into a gaseous fuel normally called as syngas, while pyrolysis is considered as the first 
step of both combustion and gasification processes [15]. Therefore the advantage of pyrolysis is not only 
an independent technology to produce bio fuels, but also a part of gasification and combustion.  

The process of pyrolysis of wood in the absence of oxygen is very complex and consists of both parallel 
and continuous reactions. In this process; thermal decomposition of organic compounds in wood starts 
at 350 °C–550 °C and can goes up to 700 °C–800 °C [26]. The long chains of carbon, hydrogen and 
oxygen compounds in wood breakdown into smaller molecules in the form of condensable and non-
condensable vapors, and solid charcoal also called bio char. Products yield and their types depends 
widely on the feed properties, reactor type,  the process parameters of the reactor,  reactor 
temperature, heating rate; pressure, etc.  
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3.1 Wood Pyrolysis Kinetics and Principles 
  

There are number of mechanisms proposed by various researchers for the pyrolysis of 
wood/biomass[16] Figure 3.1 shows the possible reaction pathways for the wood pyrolysis process. The 
scheme contains three lumped product classes that start with a first order decomposition reaction. But 
the reactions are widely different for even a single type of feedstock such as wood. As wood is a natural 
material and there are variations and uncertainties in the input data and properties of wood, one can 
only use the reaction mechanism  for the prediction of trends, but the reliable quantitative estimation is 
not possible without knowing the exact parameters. However despite all these restrictions many 
researchers still consider the single reaction mechanism for modelling of pyrolysis. 

 

Figure  3.1 : Mechanism for the pyrolysis of wood 

The chemical structure of wood is different from that of coal and oil shale, etc. In wood, oxygen is 
present in large percentage in the form of carbohydrate polymers. So the wood is basically a composite 
material made of oxygen containing polymers. The wood contains large percentage of high molecular 
mass materials (>85%) which are further divided into polysaccharides and lignin. Low molecular weight 
materials are also present in small quantity (4%-10%). Figure 3.2 shows the general components in the 
wood. The exact amount of these materials varies with the different type of woods and biomass.  
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Figure  3.2: Different components in the wood 

Typical percentage of these components of different woods are given in the Table 2.4 [6],[7]. Pyrolysis of 
each compound in wood is complex process and their thermal decomposition is discussed in detail. 

Cellulose: Cellulose fibers are large molecular weight linear polymers and responsible for the strength of 
wood. Thermal decomposition is a complex process and completed in different stages. The temperature 
range for the pyrolysis if cellulose is 150-350 oC. Out of number of models proposed the Broido-
Shafizadeh model is the simplest and shown in the Figure 3.3. According to this model the pyrolysis 
process have a pre reaction with further two competing first order reactions. The second reaction is a 
dehydration and decarboxylation reaction where bio char and non-condensable gases (CO, CO2, and 
H2O) are produced. These reactions are proceed at slow heating rates. The third reaction is a 
depolymerization reaction which results in the formation of vapors and condensable gases. This reaction 
is favored by the fast heating rate and high temperatures (over 300 0C).  

The condensable vapors if removed quickly can condensed to bio oil and tar. Otherwise secondary 
reactions such as cracking will take place resulting in char, tar and gases. Optimum temperature and 
heating rate and residence time can avoid the cracking reaction and required yield of products is 
obtained. The rate constants and activation energies for all these reactions are shown in the Table 3.1.  

 

Figure  3.3: Broido-Shafizadeh model for reaction mechanism of Cellulose 
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Table 3.1: Rate constants for Pyrolysis of Cellulose: Broido-Shafizadeh Model 

Reaction: 𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

= 𝑨𝑨𝒊𝒊 (𝑽𝑽𝒊𝒊𝟑𝟑 − 𝑽𝑽𝒊𝒊)𝒆𝒆
−𝑬𝑬𝒊𝒊

𝑹𝑹𝑹𝑹�  𝑨𝑨𝒊𝒊 (𝒔𝒔−𝟏𝟏) 𝑬𝑬𝒊𝒊 (𝐤𝐤𝐤𝐤/𝐦𝐦𝐦𝐦𝐦𝐦) 

Reaction I: First degradation 2.8 x 1019 243 

Reaction II: Dehydration 1.31 x 1010 153 

Reaction III: Depolymerization 3.16 x 1014 198 

Reaction IV: Secondary Cracking 4.28 x 106 107.5 

 
Hemicellulose: Hemicellulose also known as polyose is the second major component present in the 
wood. It is mixture of various polymers like mono saccharides. They have lower molecular weights than 
cellulose and are least stable components of wood. Their decomposition temperature is 200-260 oC in 
fast pyrolysis and 130-194 oC in slow pyrolysis. The decomposition temperature of hemicellulose is lower 
than cellulose or lignin and produces more syngas than bio oil and tar. The exothermic point of 
hemicellulose is less than that of lignin.  
 
Lignin: Lignin is the third major component of wood and is three dimensional highly branched 
polyphenolic substance. Its main purpose is to bind the cellulose components. Decomposition of lignin 
starts at 280 oC and can continue till 450 – 500 oC with the maximum rate at 350 – 450 oC. Pyrolysis of 
lignin produces more char than pyrolysis of cellulose. The gaseous products contains mainly of methane, 
ethane and carbon monoxide. 

Inorganic Minerals: wood also contains a small percentage of inorganic minerals contents which will 
result in the ash. Typical inorganic minerals elements in wood include potassium, sodium, phosphorous, 
calcium and magnesium, etc. 

Organic extractives: organic extractives of wood are extracted from wood with polar solvents such as 
water, alcohol or methylene chloride or non-polar solvents like hexane and toluene. Examples of organic 
extractives in wood include waxes, fats, alkaloids, phenolic, gums, resins, starches and essential oils. 
These organic extractives works as an intermediate in metabolism as energy reserves and as defense 
against insect and microbial attack. 

Pyrolysis of wood carries out individually in cellulose, hemicellulose lignin and extractives which 
produces complex products. Secondary reactions also took place between pyrolysis products and 
feedstock wood compounds. The decomposition of these components occurs at different temperatures 
as explained in Figure 3.4. 
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Figure  3.4: Decomposition behavior of wood components with temperature change 

3.2 Classification of Pyrolysis  

Pyrolysis can be classified into three main categories: Slow, fast and flash pyrolysis, depending on the 
operating condition. However ultra-rapid pyrolysis and pyrolysis in the presence of catalyst is a new 
phenomenon. These classifications are differ in temperature of process, heating rate or heat flux, vapor 
residence time, wood particle size, etc. However, relative yield of products is dependent on type of 
pyrolysis and operating parameters for the pyrolysis process as shown in Table 3.2 Moreover, different 
types of pyrolysis processes are explained in the subsequent three sub-sections. 

Table 3.2: different types of pyrolysis process and their characteristics 

Process 
Time 
(sec) 

Heating 
rate 
(K/s) 

Size 
(mm) 

Temperature, 
K 

Products Distribution 

Bio oil Bio char Syngas 

`Wt.% 

Slow 450-550 0.1-1 5-50 550-950 30 35 35 

Fast 0.5-10 10-200 <1 850-1250 50-70 15-20 15-20 

Flash <0.5 >1000 <0.2 1050-1300 75 12 13 

 
Slow Pyrolysis 

Slow pyrolysis is very old process used for production of bio char at low temperatures (~ 400 oC) and 
slow heating rates. The vapor residence time is high in slow pyrolysis (5 – 30 min) so that the vapors 
have enough time to react with each other and wood feed to produce more char and liquids [17]. The 
major disadvantages of slow pyrolysis include the bad quality of bio oil. Secondary cracking or primary 
products also occur in slow pyrolysis due to high vapor residence time which will affect the quality of 
final products, furthermore the process demands more energy [18],[19]. 
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 Fast Pyrolysis 
 
The main aim of fast pyrolysis is to maximize the production of bio oil. In fast pyrolysis, wood is quickly 
heated to a high temperature in the absence of oxygen. The bio oil yield in fast pyrolysis is 60%-75% 
with 15%-25% yield of bio char and remaining syngas. The production distribution depends on the feed 
stock used. The basic features of fast pyrolysis are high temperature and heating rate, short vapor 
residence time followed by rapid quenching of vapors and aerosol for high bio-oil yield and control of 
reaction temperature [20].   

The heating rate is as high as 1000 to 10,000 oC/s and the highest temperature can be up to 1000 oC but 
the optimum temperature is usually below 650 oC. The high temperature is used to maximize the yield 
of syngas. Fast-pyrolysis technology is getting absurd popularity in producing liquid bio fuels and a 
variety of other chemicals. This bio oil can be easily and economically transported and stored, thereby 
offering the advantage of handling of solid wood from utilization [21]. The process also has a capability 
of producing other valuable chemicals that offer the much added value than bio fuels [22]. 
 
Flash Pyrolysis 

The flash pyrolysis of wood is a capable process for the production of solid, liquid and gaseous fuel and 
have the ability to achieve up to 75% of bio-oil yield [23]. This process can be categorized by rapid 
devolatilisation of wood in an inert atmosphere or in the absence of oxygen, high heating rate , high 
reaction temperatures between 450 °C and 1000 °C and short vapor residence time (30 – 1500 ms) [24]. 
However this process has some technological restrictions, such as: less thermal stability and 
corrosiveness of the bio oil, bio char particles in the oil, viscosity increase over time by catalytic action of 
bio char, and production of pyrolytic water [25]. 

3.3 Factors Influencing the Pyrolysis Products 

Temperature 
Lot of studies has been carried out to study the effect of temperature on the pyrolysis and yield   
products. For a variety of biomass feed the maximum bio oil yield is achieved at 450-550 oC. Bio char 
yield is maximized at relatively low temperatures. However at higher temperature the syngas yield is 
increased at the expense of bio oil and char yield. Scott et al [26] found that the fine quality of bio oil i.e. 
Hydrogen over carbon ratio and high calorific value is achieved at high temperatures. Figure 3.5 shows 
the variation in the yield of products with the increase in reactor temperature. 
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Figure  3.5: Variation in the yield of products with increase in reactor temperature 

Heating rate 
The influence of heating rate (oC/time) or heat flux (W/m2) has been studied experimentally by number 
of times. The one restriction with these experiments are that they can only be done on batch or semi 
batch reactors in laboratory scale. It is still not known how to convert or apply these results to 
continuous reactors. The general result from these studies includes substantial effect of heating rate on 
the pyrolysis. The bio oil yield decreases and char yield increases with slow heating rate by maintaining 
the other conditions constant. In addition to experimental approach, theoretical studies have also been 
performed to determine the effect of heating rate on pyrolysis process. Lede [27] found out that the 
both heating rate and heat flux are dependent variables on whole process.  Proposed design customs for 
heating rate in a pyrolysis process include the following: 

• Slow heating rate (<0.01–2.0 °C/s), a low final temperature, and a long gas residence time is 
used to maximize char production; 

• High heating rate, a moderate final temperature (450–600 °C), and a short gas residence time is 
used to maximize liquid yield; 

• Slow heating rate, a high final temperature (700–900 °C) and a long gas residence time is used to 
maximize gas production. 

Particle size of feed (Biomass) 
To achieve the optimum yield and efficient heat transfer the feed has to grinded to specific size per unit 
volume. The studies have been carried out by varying the particle size of individual feed to see the 
change in products yields. However there is not significant research on the effect of different particle 
size over a varied range in a single reactor. The only option is to derive a relation over different type of 
reactors, but the relation is not trustworthy because of different operating principles between the 
reactors. 
Bio oil yield does not changed significantly if we change only the particle size over a range of 0.4 – 2 mm 
in fixed bed reactors. However Kelbon et al [28] found that the liquid yield varied from 40% - 65% over 
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the particle size of 0.5 - 1.5 mm of wood chips. The yields are almost identical when the heat flux is 
doubled. For fluidized bed reactor the feed has to be grinded in 2-3 mm range for 70% bio oil yield.  

Vapor Residence Time 
With high residence time the bio oil yields falls. The reason for this low yield is cracking and 
polymerization reactions of vapors which results in the production of syngas and solids respectively. The 
quality of bio oil is also changed with vapor residence time; however there are not enough studies 
available to derive the relationship between residence time and composition of bio oil. 
 

3.4 Pyrolysis Reactors 
The heart of pyrolysis is its reactor. Lot of research and development is being carried out to improve the 
features of pyrolysis. Now a days  variety of reactors are available with wide range options in feed size, 
vapor residence time, heating rates and final product selection. Innovation is still going on in order to 
improve the quality of bio oil, yield and capacity of process. The most widely used reactors for pyrolysis   
are described below. 

Fixed Bed Reactor 

Fixed bed reactors are mainly used for slow pyrolysis. The design of fixed bed reactor is simple and 
compact with reliable performance for biomass with uniform size. The reactor is not suitable for 
biomass of very small size [29]. The flow path of reactor is vertical with solids (bio char) move down and 
Product gas (mainly Syngas) moves upward. The outer part of reactor is mainly made of steel and inner 
part is made of refractory materials bricks. The typical fixed bed reactor has three main components: a 
feed input path, Bio char removal unit and syngas exit. Gas cleaning from char and cooling systems are 
carried out through Cyclone and wet scrubbers [30],[31]. The residence time in fixed bed reactor is 
usually high, high carbon conversion and low ash production is achieved [32],[33]. The fixed bed reactors 
are mainly used for small heat and power applications. The main disadvantage of this reactor is efficient 
removal of bio oil; however lot of work is being carried out and suitable solutions are provided such as 
thermal and catalytic conversion of bio oil[34]. 

Fluidized Bed Reactor 

Fluidized bed reactor is a vessel which contains heated particles like sand. Fluid properties are achieved 
by passing the Inert gas or recycled syngas through the particle bed [35]. The biomass or wood feed is 
entered into or above the solid bed by feeder. These type of reactors are most suitable for fast and flash 
pyrolysis due to fast and efficient heat transfer, moderate to very short residence time and excellent 
control over whole pyrolysis reaction. The reactor provides good contact between fluid and solid media 
due to large surface area per unit volume of bed. The heat transport inside the reactor is very good and 
relative velocity between the fluid and solid phase is very high [36]. Two types of fluidized bed reactors 
are described below. 

Bubbling Fluidized Bed Reactor 

In this reactor inert or recycled gas passes through the reactor and fluidization of solids are achieved by 
bubbling phenomena. The bed in the reactor is expanded through bubbling without reaching the 
turbulent flow limit. A simple scheme of a bubbling fluidized bed reactor is shown in the Figure 3.6. The 
fine biomass or wood feed is inserted into the bed of the reactor where it contacts with the hot sand 
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media and reaction is carried out. Heat can be supplied through preheating the inert or recycled gas or 
indirect heating of sand media through the reactor walls. The decomposed products are taken out of the 
reactor through fluidizing gas stream as shown in Figure 3.6. Bio char is separated in the cyclones. For 
large size of bio char special separation unit can be installed in the reactor. The condensable gases are 
then condensed into bio oil with cooling system [37]. 

The construction and operation of bubbling fluidized bed reactors are very simple. Better control of 
temperature and heat transfer can be achieved. High percentage of bio oil (about 70%-75%) can be 
achieved through this reactor. The residence time can be controlled by controlling the flow rate of 
fluidizing gas. One restriction of this reactor is to provide the very small particle size (2-3 mm) of feed to 
maintain the high heat transfer rate and self-cleaning of products from bed of the reactor [16]. 

 
Figure  3.6: Scheme of a bubbling fluidized bed reactor 

Circulating Fluidized Bed Reactors  

Circulating fluidized reactors are quite similar to the bubbling fluidized reactors but with low residence 
time (0.5-1.0 seconds) and high gas velocity. The bio char content in bio oil is higher in these reactors 
but the output of circulating reactors is very high as compared to the bubbling fluidized reactors. Very 
small feed particles size (1-2 mm) is required for a circulating bed reactors to ensure the efficient heat 
transfer[37]. The heat transfer medium is the bed of sand or other catalyst. The sand is circulated in the 
reactor by using high velocity of gas. The sand particles are circulated in the burner where they are 
exposed to oxygen and recycled gas are combusted to provide heat to the particles in their way back to 
the reactor vessel [16]. A schematic diagram of circulating bed fluidized reactor is shown in the Figure 
3.7. 
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Figure  3.7(a) & (b): Schematic diagram of circulating bed fluidized reactor 

Ablative Reactors 

In an ablative reactor the biomass or wood feed is in contact with a hot reaction surface. Mechanical 
ablation is performed at the biomass surface for the removal of bio char layers. Relatively large size of 
feed particles (up to 20mm) can be used due to the absence of heat transfer limits within the particles 
but the heat must be provided to the surface of the reaction. The heat transfer is carried out through 
the molten layer at the surface of reaction. Mechanical pressure is applied to the feed against the wall 
of the reactor. Material is melted and vapors are evaporated. The scheme of an ablative reactor is 
complex due to the mechanical nature of the reactor process. Scaling is also produced as heat transfer is 
the function of the reactor area. The residence time is very less and high yield of bio oil (up to 65%) can 
be achieved [37]. Figure 3.8 illustrates the ablative reactor process. The most common ablative reactor 
is vortex reactor which is described below [16]. 

 

Figure  3.8: Schematic diagram of Ablative reactor 

Vortex Reactor 

In this reactor the biomass particles are first entrained in a hot inert gas (Nitrogen or steam) and then 
enter in the reactor. Centrifugal force is provided to force the biomass particles to slide on the reactor 
wall with high velocity. Unconverted biomass particles are recycled with recycle loop. Vapors generated 
are separated quickly and then cooled. Due to mechanical nature of reactor excessive wear is a major 
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problem in designing of the reactor. The high temperature requirement (>600 oC) is also required 
continuously. 

Rotating Cone Reactor 

In this reactor biomass particles and heat carrier particles are entered in the bottom of the reactor 
where they are mixed and then forced to slide on a rotating cone. Due to heat transfer and high 
pressure pyrolysis reaction is carried out [35]. The solids are then moved upwards through the rotating 
cone. Vapors produced are sending towards the condenser and bio char produced is burned to produce 
the heat requirements. The residence time can be controlled by the speed of the rotating cone, and 
Inert gas is not required to carry out the reaction. But the process is highly dependent on the surface 
area which may result in scaling [16]. A simple scheme of rotating reactor is shown in the Figure 3.9.  

 

Figure  3.9: Schematic diagram of rotating cone reactor 

Vacuum Pyrolysis Reactor 

These are categorized as slow pyrolysis process reactors. In Vacuum reactor, Pyrolysis is carried out at 
pressure of about 15 KPa with heating of feed in a rotating device [35]. Biomass is fed to the high 
temperature vacuum section of the reactor where biomass is stirred periodically with the help of 
mechanical agitator. Special equipment are required at exit and entry points due the fact that reactor is 
operating in vacuum. Vacuum reactors can handle the large size of biomass particles (2- 5 mm) [37]. The 
heat transfer rate is low in these reactors which can result in the increase of residence time. The bio oil 
yield is also low (35% - 50%) in vacuum reactors [16]. It also produces more water than other pyrolysis 
reactors. The process is also complex and has high capital and maintenance costs. Figure 3.10 illustrates 
the schematic diagram of Vacuum Pyrolysis. 
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Figure  3.10: Schematic diagram of Vacuum Pyrolysis 

Auger Reactor 

In auger reactor biomass is mixed with heat carrier gas. Heat is quickly transferred to the reactor to 
carry out a fast pyrolysis reaction [35]. The Pyrolysis temperature can vary from 400 oC to 800 0C to 
devolatize and gasify the biomass. Biomass is moved by the augers through a cylindrical tube in the 
absence of oxygen. Residence time is low and can be changed by adjusting the heated zone by which 
vapors exit from the reactor [16]. Vapors produced are sent to the condensation section while char is 
separated and stored. Figure 3.11 shows the schematic diagram of Auger reactor. 

 

Figure  3.11: Schematic diagram of Auger reactor 

Plasma Reactor 

In plasma reactor biomass is fed in the middle of the reactor. Thermal energy is provided through the 
electrodes attached with the electrical power. Inert gas is entered into the reactor to produce plasma 
and to remove the oxygen. A variable speed vacuum pump is used to displace the vapors. The electrical 
consumption and operating costs of plasma reactors are very high. But production of heavy bio oil 
compounds can be minimized and syngas production is increased. The overall process is considered as 
high energy density system [38],[39].  
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Microwave Reactor 

Microwave reactors are one of the recent introductions in the series of pyrolysis process. In this reactor 
the heat is transferred through the contact of atoms and molecules with the help of microwave heated 
bed. Inert gas is used as a carrier gas as well as to remove the oxygen from the reactor. The main energy 
source in microwave reactors is electricity. Syngas yield is high because of low residence time, efficient 
heat transfer and flexible control of heating process. Due to this flexibility the formation of undesirable 
bio oil compounds can also be minimized. A wide range of biomass feedstock can be used in microwave 
reactors [40],[41]. 

Solar Reactor 

In solar reactor, the solar energy is utilized in the form of chemical energy. A soar concentrator is 
connected to the reactor to provide the heat for pyrolysis. The solar concentrator can produce high 
temperature up to >700 0C for pyrolysis process. The process is considered as slow process. In solar 
reactors all the heat is produced from solar energy hence products can be utilized for further 
applications. The solar reactors also provides faster startups and shutdown of the process than other 
slow pyrolysis reactors [42], [43].  

Rotary Kiln Reactor   

Rotary kiln reactors have been using for the treatment of waste from industrial or domestic sources. But 
new advancements in the technology make it possible to use in the slow pyrolysis. These types of 
reactors are used because they ensure the high degree of mixing of reactants and products during the 
process. This is useful for the efficient heat transfer. The design of rotary kiln reactor is also flexible in 
terms of materials and size. 

The reactor consists of a cylinder inclined to a certain angle in order to achieve the desired residence 
time and easily advancement of reactants and products through the reactor. The exterior part of the 
reactor is usually made with steel and internal part is covered with refractory materials to protect the 
reactor walls from high temperatures. There are two fixed parts located at the end of the reactor for the 
discharge of gaseous and solid products. The high temperature required to carry out the pyrolysis 
process is achieved through the combustion of pyrolysis vapors or natural gas if required. For slow 
pyrolysis the heat is only required to initiate the pyrolysis process. The vapors are sent to the combustor 
and bio char is collected in silo through the conveyors. The bio oil yields in rotary kiln reactors are 
considerably lower than the bio oil yield in fluidized bed reactor. Figure 3.12 depicts the schematic 
illustration of rotary kiln reactor. 
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Figure  3.12: Rotary Kiln reactor scheme [44] 

Different types of reactors and their advantages and disadvantages with respective bio oil yields are 
shown in the Table 3.3 [37], [41], [45],[46],[47]   

Table 3.3: Different types of reactors and their advantages and disadvantages 

Reactor Type Advantages Disadvantages Bio Oil Yield, % 

Fixed bed 
reactor 

Simple design and operation 
Dependable Flexible according to 
feed size 

Long residence time 
Low ash carryover 
 

35-50 

Bubbling 
Fluidized bed 

reactor 

Simple design and operation 
Flexible temperature control 
Large scale production 

Small size of feed is required 
Char removal is difficult 70-75 

Circulating 
Fluidized bed 

reactor 

Mature technology 
Flexible temperature control 
Large feed size can be used 

Char removal is difficult 
Not suitable for large production 
Complex process 

70-75 

Ablative 
Large feed size can be used 
Moderate temperature control 
Inert gas is not required 

High cost 
Reaction rate is slow 70-75 

Vacuum 

Char free Oil is produced 
Large feed size can be used 
Carrier gas is not required 
Low temperature control 

Reaction rate is slow 
Long residence time 
Water consumption is high 
Energy transfer is poor 

65-70 

Rotating Cone 
Carrier gas is not required 
Feed moved by centrifugal force 
Wear and tear is less 

Complex process 
Not developed for large scale 
Small size of feed is required 

35-50 

Auger 
Compact size Carrier gas is not 
required Process temperature is 
low 

Process have moving parts 
Not efficient heat transfer 30-50 

Plasma 
Energy density is high Flexible 
temperature control Good 
control on heat transfer 

Small size of feed is required 
High operating costs 
Electrical consumption is high 

30-40 

Microwave 
Large feed size can be used 
Flexible temperature control 
Good control on heat transfer 

High operating costs 
Electrical consumption is high 60-70 
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Solar Renewable energy 
Flexible temperature control 

Under developing 
High cost 
Weather dependent  

40-60 

 

Table 3.4: Suitable reactors for various types of Pyrolysis 

Reactor type 
 

product Type of 
Pyrolysis 

Temperature Heating method Suitable Feed type 

Fixed bed Bio Char Slow 300-400 oC Furnace or Kilns Olive husk, walnut or 
hazelnut shell 

Bubbling 
fluidized 

Bio Oil 

Fast 450-550 oC Recycled Syn gas Wood chips, forest or 
agricultural residue, 
dry wood, tyres, grass 
husk, wood dust 

Circulating 
Fluidized bed Fast 450-550 oC Wall and sand 

heating 

Fluidized bed Flash 450-550 oC Depends on reactor Grass / rice husk, wood 
chips, forest residue 

Microwave/ 
Ablative Syngas Fast >800 oC Electromagnetic Wood dust , wood 

chips, Rice husk 
 

3.5 Pyrolysis Process Description 
 
All pyrolysis plants have certain feedstock size limitations for efficient operation and effective heat 
transfer. So feed has to be chopped/grinded to the required size. In addition to size reduction, the 
moisture in feed (wood in our case) need to be evaporated to moisture content below 10 wt.% unless a 
naturally dry biomass feed like straw is available. Drying is vital to avoid adverse effects of water on 
various properties like stability, viscosity, pH, corrosiveness etc. in the pyrolysis products. But the 
production costs is increased by grinding and drying [48]. The wood is fed into the reactor after drying 
and grinding, and the pyrolysis takes place. The bio char produced in pyrolysis, acts as a catalyst for 
vapor cracking and hence char removal cyclones are there to separate char from the reactor 
immediately after pyrolysis. However, if the feed is very fine some small char particles always pass 
through the cyclones and are mixed with the liquid product. After bio char separation, the condensable 
and non-condensable vapors are need to be quenched/cooled rapidly to restrict continuous cracking of 
the organic molecules. Quenching and condensing of the vapors is usually done with pyrolysis liquid 
condensers, where the vapors are cooled directly with the bio-oil [49, 50]. The detailed descriptions of 
all these steps are explained in the following subsections. 

Drying  

High moisture content in biomass has an adverse effect on the pyrolysis process and on the heating 
value of pyrolysis bio oil as well. The high moisture content in biomass feedstock will eventually increase 
the water content in bio oil and decrease the heating value. In general, moisture content of feed should 
be around 5% to 15% in an optimum pyrolysis process [51]. So the drying of feed stock is necessary 
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before the feed enters the pyrolysis reactor. The drying temperature is also a critical issue as high 
temperature will produce thermal oxidative reactions making the thermal stability of feed complex. 

Dobele et al. conducted a research on the effect of the feed stock drying process temperature and its 
effect on the properties, chemical composition and yield of pyrolysis product [52]. They dried the 
biomass at temperatures of 200 °C and 240 °C with durations of 45 min and 90 min. The determined that 
the increase of drying temperature influenced the yield of pyrolysis products, while the increase in the 
drying time is independent of yield and properties (Figure 3.13) 

Grinding 

One significant point in heat transfer is that, as the thermal conductivity of biomass is too low and given 
the dependence on gas-solid heat transfer, biomass particle size has to be very small to fulfill the 
requirements of rapid heating to achieve high bio-oil yield. So the feedstock is grinded to required    
particle size required by the reactor type, ensuring smooth reaction in the pyrolysis reactor. 

 

Figure  3.13:  Change in the yield of oil, char and gases versus the pyrolysis temperature of wood at drying parameters of: (a) 200 
°C, 45 min; (b) 200 °C, 90 min; (c) 240 °C, 45 min; (d) 240 °C, 90 min [46]. 
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Pyrolysis process (heat transfer) 

Feed stock heating or heat transfer in pyrolysis reactors is one of the most important processes. 
Pyrolysis reactors have two significant requirements for heat transfer:  

1. Heat supply to the reactor heat transfer medium (solid and gas in a fluid bed reactor or the reactor 
wall in an ablative reactor);  

2. Transfer of heat from the heat transfer medium to pyrolysis biomass.  

The heat transfer could be between two phases where heat is transferred from the hot gas to the 
pyrolysis biomass particles through convection, or single phase heat transfer such as solid-solid where 
conductive heat transfer takes place. Conduction is responsible for 90% of heat transfer in fluid bed 
reactors, with a little contribution of convection heat transfer of up to 10% because of utilizing good 
solid mixing. Some radiation heat transfer also occurs in all types of reactors along with convection and 
conduction. However, various heating methods are used in different pyrolysis reactors to ensure the 
effective conversion of biomass into final products. Some of the methods are shown in Figure 3.14 and 
are listed according to use in different reactor types in Table 3.5. 

Table 3.5: Different heating methods used in Pyrolysis reactors 

Reactor Type  Heating Method  

Bubbling fluidized bed   Heated recycle gas 
Circulating fluidized bed  Heating by wall and sand 
Rotating cone   Gasification of char to heat sand 
Vacuum   Direct contact with hot surface 
Ablative   Wall heating 
Auger   Fire tube 
Plasma   Radio-frequency 
Microwave reactor  Electromagnetic 
Fluidized bed/Quartz   Solar 

 

 

Figure  3.14: Methods of heat transfer to a pyrolysis reactor [53] 
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There are various ways of providing the process heat from byproduct char or gas; or from fresh natural 
gas. This surface of pyrolysis reactor design and optimization is most important for commercial units and 
will attract increasing attention as plants are become of bigger size. Examples of different ways for heat 
transfer are given below: 

• All or part of bio char combustion 
• All or part of syngas combustion 
• Part of bio oil combustion 
• Fresh wood/biomass combustion 
• Gasification of bio char and combustion of producer gas  in this case high temperature 

control 
• Natural gas combustion 

Bio Char removal 

Bio char is the intermediate solid residue which is produced in reactors during pyrolysis processes. Rapid 
and effective separation of bio char is necessary otherwise it will act as a vapor cracking catalyst and 
contributes in the formation of polycyclic aromatic hydrocarbons (PAHs) in pyrolysis processes, mainly at 
low temperature [53]. Normally, bio char is separated from reactors using the cyclone separator, but this 
method has some limitation of passing fine particles through the cyclone which then accumulate in the 
liquid product i.e. bio oil due to which the aging is accelerate and create instability problems. However a 
number of various methods have been used to overcome this limitation includes a bed vapor filtration 
[54, 55] and rotary particle separation [56], these methods also have some difficulties due to complex 
interaction between  bio char and bio oil which will form a gel like phase that quickly blocks the filter. 
Recent studies have been made to overcome this problem by using solvents like methanol or ethanol to 
alter the liquid microstructure [50]. However, it will create solvent dilution of the liquid product and 
increases the process cost as well. Therefore research is going on in order to find appropriate methods 
for bio char separation in pyrolysis processes.   

Bio oil Collection 

There are several possible approaches to the collection of pyrolysis bio oil. To collect high quality bio oil, 
and sustain high yields, condensable vapors should be condensed rapidly after leaving the pyrolysis 
reactor. Longer residence times start secondary reactions which will reduce the quantity and quality of 
pyrolysis bio oil. To complete rapid condensation of pyrolysis vapors various methods like cooling with a 
simple heat exchanger, quenching in product oil or in an immiscible hydrocarbon solvent or use of 
orthodox aerosol capture devices such as demisters and electrostatic precipitators are used.  

Non-condensable gases and other combustible gases are sent to the combustor to provide heat for 
biomass drying and the pyrolysis reaction, and later recycled to the reactor to provide process heat and 
aid in fluidizing the reactor. 
 
Bio oil Storage 
 
Bio oil and char are then collected in the storage area, where they can be stored to 4 weeks of liquid 
product and bio char can be stored for longer time. Bio oil storage is treated as a backup to the 
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upgrading section. Under ambient conditions, bio oil can be continuously upgraded requiring minimum 
storage time. Though there have been concerns about the long term stability of bio oil, NREL 
investigated that bio oil can remain stable over a period of month [57], and Dynamotive  determined 
that bio oil should be stored in an air free environment in order to prevent corrosion. They also 
suggested the stainless steel material for storage tank [15].   
 
Combustion 
 
Non condensable gases or pyrolysis bio char are combusted to provide the required process heat for the 
pyrolysis process and steam generation for utilities. Combustion takes place with excess air. Flue gases 
are then cooled to provide additional heat to generate steam. Natural gas combustion can also be used 
if the process heat is not provided by the by products combustion. 

3.6 Heat for Pyrolysis  
3.6.1 Heat for fast pyrolysis 
One of the important factor for the pyrolysis design is the heat required for pyrolysis but the question is 
that whether the pyrolysis process is able to produce heat itself or not. The experimental and literature 
study rejects this. The energy produced through some exothermic reactions in the reactor is not 
sufficient. And the process is considered overall as endothermic process. In general decomposition of 
Lignin and hemicellulose is considered as exothermic and cellulose decomposition is endothermic at low 
temperature and becomes exothermic at higher temperatures producing these intermediate products 

CO + 3H2  CH4 + H2O -226 KJ/gmol 
CO + 2H2  CH3OH -105 KJ/gmol 
0.17C6H10O5  C + 0.85H2O -80 KJ/gmol 
CO + H2O  CO2 + H2 -42 KJ/gmol 

There are basically three stages of Pyrolysis in Reactor in terms of Temperature[58]. 
 
1. Initial Stage: 
This stage is considered as exothermic stage and takes place between 100 – 300 oC. In this stage 
dehydration takes place with the release of water, Carbon monoxide and carbon dioxide gases. 
 
2. Intermediate Stage or Primary pyrolysis: 
The temperature in this stage is normally in the range of 200-600 oC. Majority of the vapors produce in 
primary pyrolysis stage. Decomposition of large molecules of wood into char takes place with the 
production of condensable and non-condensable gases. Condensable gases are also termed as 
precursors for bio oil. 
 
3. Final Stage: 
In this stage secondary cracking takes place to convert volatiles into non condensable gases and char. It 
usually takes place above 300 oC. 
 
All modes of heat transfer takes place in the wood particle during Pyrolysis: 

 
• Inside the particle conduction takes place 
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• Inside the pores of particle convection takes place 
• And from the particle surface convection and radiation takes place 

 
In a pyrolysis reactor, transfer of heat is carried out through carrier and then to the pyrolysis medium. 
 

• For vacuum reactor heat transfer takes place through reactor wall 
• For entrained flow reactor through some gas 
• And for Fluidized bed reactor through heat carrier solids like sand 

 
The heat required in the pyrolysis reactor includes. 

• Raise the temperature of feed and other media to reaction temperature 
• Heat required to initiate endothermic reactions 
• Misc. Heat losses in the reactor through walls etc. 

Methods for estimating the heat for pyrolysis  

1. Yang et. al estimated the heat required for pyrolysis by the following equation:[59] 
𝑄𝑄𝑃𝑃𝑃𝑃 =  𝐻𝐻𝑐𝑐ℎ𝑎𝑎𝑎𝑎 +  𝐻𝐻𝑏𝑏𝑏𝑏𝑤𝑤 𝑤𝑤𝑏𝑏𝑜𝑜 +  𝐻𝐻𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 −  𝐻𝐻𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤   3.1 

Where: 

𝐻𝐻𝐶𝐶ℎ𝑎𝑎𝑎𝑎 =  enthalpy of bio char  
𝐻𝐻𝑏𝑏𝑏𝑏𝑤𝑤 𝑤𝑤𝑏𝑏𝑜𝑜 = enthalpy of bio vapors  
𝐻𝐻𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 = enthalpy of syngas 
𝐻𝐻𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = enthalpy of specified product or raw material 
 

• The enthalpies of products are calculated at outlet reactor temperature and enthalpy of feed is 
calculated at inlet reactor temperature. 

• Enthalpy of bio vapors is considered as complex due to the formation of various oils and 
estimated by assuming that temperature is high enough to suppress the condensation of oil.  

• Hsyngas can be estimated by exactly knowing the yield of the gases by following equation 
o Hsyngas = heat of formation of gas + Cp (T) dT 

• Hchar is also estimated by the above equation 
o Hchar  = heat of combustion + Cp (T) dT 

 
Yang et al estimated the Heat of Pyrolysis as given in the Table 3.6 

Table 3.6: heat of pyrolysis for different raw materials 

Wood type Heat of Pyrolysis, MJ/kg 
Cedar 1.3 
Pine 1.5 
Willow 1.5 
Babmoo 1.5 
Sasa bamboo 1.6 

 
2. Daugaard and Brown also estimated the heat for pyrolysis  [60] 
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They used the fluidized bed reactor with Nitrogen gas at reactor temperature of 500 oC. they 
used the following equation: 

𝑄𝑄𝑃𝑃𝑃𝑃 =  𝐻𝐻𝑏𝑏𝑠𝑠 +  𝐻𝐻𝑁𝑁2 𝑏𝑏𝑠𝑠 +  𝐻𝐻𝑁𝑁2 𝑤𝑤𝑜𝑜𝑜𝑜 −  𝑄𝑄𝑜𝑜𝑤𝑤𝑠𝑠𝑠𝑠  3.2 

 𝑄𝑄𝑏𝑏𝑠𝑠  = 𝐻𝐻𝑅𝑅 + ∆𝐻𝐻𝑎𝑎 −  ∆𝐻𝐻𝑝𝑝  3.3 

𝑄𝑄𝑜𝑜𝑤𝑤𝑠𝑠𝑠𝑠  = 𝑄𝑄𝑏𝑏𝑠𝑠 + 𝐻𝐻𝑁𝑁2 𝑏𝑏𝑠𝑠 +  𝐻𝐻𝑁𝑁2 𝑤𝑤𝑜𝑜𝑜𝑜 −  𝐻𝐻𝑤𝑤  3.4 

Where: 
HR=  heat of combustion of gases that provide heat to the reactor  
∆Hr = Sensible heat required to heat the reactants  
∆Hp = Sensible heat exiting producer gas 
HN2 = enthalpy of  Nitrogen, calculated by heat capacity and temperature difference of the gas 
Hw = enthalpy associated with water 
 
They calculated the heat fo pyrolysis for different type of woods as shown in the Table 4.4. 

Table 3.7: heat of pyrolysis for different raw materials 

Wood type Heat of Pyrolysis, 
MJ/kg 

Oak 1.46 ± 0.28 
Oat hulls 0.78 ± 0.28 
Pine 1.6 ± 0.3 
Corn stover 1.35 ± 0.28 

 

3.6.2 Heat for slow pyrolysis 
Fantozzi proposed the equations for the calculation of power required for pyrolysis.[61]. Wood is 
assumed to heat to 280-300 oC and then Pyrolysis starts after reaching this temperature. 

𝑃𝑃Ƞ = 𝑀𝑀𝑀𝑀 𝜌𝜌 𝐶𝐶𝑀𝑀 (𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇) + %𝑚𝑚 𝑀𝑀𝑀𝑀 ∆𝐻𝐻 
 

3.5 

P = Power provided to Heaters, Kw 
Ƞ = efficiency of reactor/heater = 0.7 
Cw = heat capacity of Wood, KJ/Kg/K 
Ts= Temperature at which Pyrolysis starts, K 
Ta = Ambient Temperature, K 
%m = moisture in wood 
∆H = Enthalpy variations in water, KJ/Kg 
 
The power calculated above is partly used to heat the wood to pyrolysis temperature and partly use to 
decompose the wood heat absorbed by products (char, gas and oil) was calculated separately for design 
purposes by considering their heat capacities and final temperature of 500 oC. 

𝐸𝐸𝑆𝑆 =  𝐸𝐸𝐺𝐺 + 𝐸𝐸𝑇𝑇 + 𝐸𝐸𝐶𝐶 + 𝑄𝑄𝐺𝐺 + 𝑄𝑄𝑇𝑇 + 𝑄𝑄𝐶𝐶 + 𝑄𝑄𝐵𝐵 + 𝑄𝑄𝑉𝑉 
 

3.6 
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Where, 
ES= External energy supplied from time equal to pyrolysis retention time 
EG= Energy used up for gas production 
ET=Energy used up for tar production 
EC=Energy used up for char production 
QG=Energy absorbed to warm up the gas produced 
QT=Energy absorbed to warm up the tar produced 
QC=Energy absorbed to warm up the char produced 
QB=Energy absorbed to warm up the residual dry biomass 
QV=Energy absorbed to warm up the vapor 
Losses assumed in the reactor = 5 % 
He estimated the heat required as 2.2 MJ/kg 
 

3.7 Pyrolysis Products 
Pyrolysis of wood produces three primary products bio char, non-condensable gases, and condensable 
vapors that at ambient temperature condense to a dark brown viscous liquid. High yield of liquid   occurs 
at temperatures between 350 and 500 °C [62]. This is for the reason that various reactions take place at 
different temperatures in pyrolysis processes. Consequently, at high temperature, molecules in the 
liquid and residual solid are broken down into smaller molecules which improve the gaseous fraction. 
Yield of products resulting from wood pyrolysis can be maximized by following these norms: 

• Bio Char: at low temperature, low heating rate   
• Bio Oil: at low temperature, high heating rate and short gas residence time    
• Syn gas: at high temperature, low heating rate and long gas residence time. 

Table 3.8 sum-ups the products yield at different pyrolysis conditions. Products from pyrolysis processes 
also strongly depend on the moisture content in the wood which produces huge quantities of 
condensate water in the Bio oil [63]. This water also comes from extraction of water-soluble compounds 
from the gaseous and tar phases, and thus a greater decrease in the yield of gaseous and solid products 
[64].   

Bio Char 
Thermal degradation of lignin and hemicellulose results in significant loss of mass in the form of 
volatiles, leaving behind a rigid amorphous carbon matrix which is referred as bio-char. The yield of bio 
char varied from 10%-35% depends on the type of wood and pyrolysis conditions. Rocha et al found a 
way to determine bio-char yield variation for different temperature regions in a fluidized bed pyrolysis 
reactor [65]. In his research, he categorized temperature into three different regions where he found a 
way to produce different bio-char yields during pyrolysis (Figure 3.15). Bio char quantity was high at a 
low temperature (450–500 °C) zone, due to low devolatilisation rates and less conversion of carbon. In a 
second region where the temperature is moderate (550–650 °C), the production of bio-char was 
reduced dramatically. The maximum yield of bio char in this region was found to be about 8% to 10%. In 
the high temperature zone (over 650 °C), bio char yield was very low.   
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Physical properties of bio char are significantly dependent on the conditions of pyrolysis process such as 
reactor type, feed stock type and drying treatment of biomass/wood, feedstock particle size, heating 
rate, residence time, pressure, flow rate of inert gas (if required), etc. [66-68]. For instance, pyrolysis 
operating conditions such as higher heating rate (up to 105–500 °C/s), short residence time and less 
sized feedstock produces finer bio char whereas slow pyrolysis with bigger biomass particle size 
produces large sized bio char. Furthermore wood pyrolysis generally produces coarser bio char. On the 
other hand, agricultural crop residues and solid waste manures produce a finer and more brittle 
structured bio char in pyrolysis processes [69].  

The elemental structure of Bio char mainly consists of carbon, hydrogen and various other inorganic 
elements in two structures such as: stacked crystalline graphene sheets and randomly aromatic 
structures in ordered amorphous [70]. In the aromatic rings, H, O, N, P and S are generally combined as 
heteroatoms which have a great impact on bio char physical and chemical properties [71]. However 
composition, distribution and proportion of these molecules in bio-char depend on a variety of factors 
including source materials and the pyrolysis methodology used [72, 73]. Although, depending upon 
composition and physical properties, bio char can be utilized in various industrial processes such as: 
solid fuel in boilers, producing activated carbon, making carbon nanotubes, producing hydrogen rich gas, 
etc. [74].   

 

 

Figure  3.15: Production of different char yields during pyrolysis process 

Syngas 
The yield of syngas is about 10%-35% in slow pyrolysis process. However, yield can be increased in flash 
pyrolysis and high temperatures. He et al. researched the production of syngas from catalysis pyrolysis 
of MSW on a bench-scale downstream fixed-bed reactor over a temperature range of 750 °C–900 °C. 
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They used calcined dolomite as a catalyst [75]. They were able to achieve 78% gas yield at 900 °C. 
Similarly, Tang and Huang also investigated and made up to 76% syngas in a plasma pyrolysis reactor 
[38]. However, syngas yield is strongly affected by the pyrolysis temperature and vapor residence time.   

As mentioned earlier reactor temperature has a substantial influence on pyrolysis process and 
subsequent product yield and distribution. With the increase of temperature in pyrolysis process, the 
moisture inside the wood biomass evaporates first, and then thermal degradation and devolatilisation of 
the dried portion of the wood proceeds. Tar is also produced at the same time and volatile elements are 
steadily released from the wood particles surface. The volatiles and tar then endure a series of 
secondary reactions like decarboxylation, deoxygenation, decarbonylation, dehydrogenetaion and 
cracking to form different compositions of syngas [76]. So higher temperatures favor decomposition of 
tar and the thermal cracking of tar to increase the proportion of syngas in final products, resulting in 
overall decrease in bio oil and char yields [75-77]. Studies have also shown that an increase in reactor 
temperature increased the syngas flow rate which lasts for a shorter period of time and then reduces 
dramatically [20, 78].   

Moisture content influences the heat transfer process in pyrolysis, having an unfavorable effect on 
syngas production. High moisture content contributes to the extraction of water-soluble components 
from the gaseous phase, hence causing a significant decrease in gaseous products [79]. For a given 
temperature, dry biomass produces the greatest quantity of gas at the early stage of pyrolysis, whereas 
with wet biomass the production of the greatest quantity occurs later in the run. This occurs because an 
increase in humidity leads to an increase in drying time [64].  

The main constituents of syngas are hydrogen (H2) and carbon monoxide (CO). It also contain small 
amount of carbon dioxide (CO2), water, nitrogen (N2) and other hydrocarbons such as methane CH4, 
ethane C2H4, propane C2H6, tar, ash, etc., depending on wood and biomass feedstock and other pyrolysis 
conditions [77, 80, 81].  

These components are produced as a result of several endothermic reactions at high pyrolysis 
temperatures. H2 is produced during the cracking of hydrocarbons at higher temperatures. CO and CO2 
are produced because of the presence of oxygen in the biomass. Those components are the result of the 
cracking of partially oxygenated organic compounds. Cellulose as a highly oxygenated polymer, is an 
essential factor to determine the amount of carbon oxides produced [82, 83]. The minute amount of 
hydrocarbons such as CH4, C2H4, C2H6, etc. produced due to the reforming and cracking of heavier 
hydrocarbons and tar in the vapor phase [76].  

As mentioned earlier the composition of syngas is clearly influenced by the reactor temperature as 
shown in Figure 9. H2 increases greatly and CO increases slowly with the temperature increase while 
other components like CO2 and lighter hydrocarbons show an opposite trend. The molar ratio of 
hydrogen H2 and carbon monoxide CO in syngas is an important factor that determines its possible 
applications. For example, a higher H2/CO molar ratio is required to produce Fisher-Tropsch synthesis for 
the production of transportation fuel and to produce hydrogen for ammonia synthesis [40], so 
optimization of reaction temperature in pyrolysis is a critical issue when syngas is the desired final 
product.   
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Syngas from wood pyrolysis could be used as a renewable alternative fuel for internal combustion (IC) 
engines of vehicles and industrial combustion processes. Commercial gasoline and diesel engines can be 
easily improved to use as a gaseous fuel for the use of power generation, transportation and other 
applications [84, 85]. However many commercial gaseous fuel Internal Combustion engines were used 
between 1901 and 1920. After then the use of syngas declined due to available cheap petroleum fuels. 
Recently interest has again developed in the use of syngas in Internal Combustion engines due to the 
rise of renewable fuel engines [86]. Shah et al. determined similar thermal efficiencies for both syngas 
and petrol used as fuel in four-stroke, and single-cylinder Internal Combustion engines [87, 88]. Mustafi 
et al. investigated a single cylinder spark ignition engine using syngas as fuel [88]. They found that syngas 
produced about 30% less engine power output as compared to gasoline. However in terms of exhaust 
emissions, syngas produced a significantly lower amount of unburnt hydrocarbon (HC) and carbon 
monoxide (CO), but nitrogen oxides (NOx) emission were quite high. This is because a relatively high 
flame speed of and temperature of syngas thereby enhancing the production of CO2 and NOx. Similar 
results have been reported in many other studies [89-91] which operated Internal Combustion engines 
with syngas. However, the generation of NOx emissions from syngas can be minimized by reducing the 
heating value, introducing inert gas and increasing the CO/H2 ratio [92].  

 

 

Figure  3.16: Gas composition of pyrolysis of cotton stalks versus pyrolysis temperature [75] 

 
Bio Oil 
Pyrolysis bio-oil is the liquid produced from the quenching of condensable vapor produced from a 
pyrolysis reaction. It has potential to be used as a replacement of conventional diesel or fuel oil. The bio-
oil has a heating value of 40%–50% of that of hydrocarbon fuels. Proximate analysis of pyrolysis bio oil 
gives the estimation of a chemical formula of bio oil CH1.9O0.7, which accounts for 46% oxygen. Oxygen is 
present in more than 300 compounds found in the pyrolysis bio oil.  
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The main compounds found in the bio oil are classified into five main categories: (1) hydroxyl aldehydes, 
(2) hydroxyl ketones (3) sugar and dehydro-sugars, (4) carboxylic acids and (5) phenolic compounds. The 
more detailed categorization of bio oil compounds are: acids, alcohols, aldehydes, esters, ketones, 
phenols, furans, sugars, aromatics, alkenes, nitrogen compounds and miscellaneous oxygenates. The 
chemical nature of bio oils can be altered or manipulated by modifying the pyrolysis process or by 
adding the catalyst in the pyrolysis process. Though; many unknown factors are also responsible for 
different thermo-physical properties of pyrolysis bio-oil [93],[57]. 
 
Pyrolysis bio-oils have also some limitations in fuel quality and usage such as: phase separation; stability; 
fouling problems on thermal processing and economic capability of pyrolysis bio-oil. Some physical 
properties and characteristics of bio-oil are described in Table 3.8.   

Table 3.8: physical properties and characteristics of bio-oil 

Properties Oil Characteristics Reasons 

Appearance  Dark red-brown to dark green  Micro-carbon and chemical 
composition in oil   

Odor  Distinctive odor—an acrid smoky smell   Lower molecular weight 
aldehydes and acids   

Density  Very high: ~ 1.2 kg/liter    High moisture and heavy 
molecule contamination   

Viscosity  
Can vary from as low as 25 centistokes  
(cSt) to as high as 1000 cSt   

Wide range of feedstock, water 
content 

Heating value  Significantly lower than fossil oil  Because of high oxygen content  

Aging  Viscosity increase, decrease in volatility 
occur with time  

High pH value and Complex 
structure    

Miscibility  Miscible with polar solvent but totally 
immiscible with petroleum fuel   Because of polarity      

 
Fahmi et al. determined that more stable pyrolysis oil can be manufactured if a high energy crop like 
wood is used [94]. However, this would also affect the yield by lowering the organic yield due to the 
production of high level of ash content and reaction water, resulting in a decrease of the heating value 
of the bio oil as well as protecting phase separation. Shihadeh and Hochgreb determined that thermal 
efficiency of pyrolysis bio oil is similar to that of diesel fuel in terms of combustion in engine operations, 
but they have showed too much ignition delay [95]. Therefore pyrolysis bio oil requires a reasonable 
degree of preheated input air for complete combustion. However the pyrolysis bio oil yields, quality and 
stability can also be altered by process variables such as heating rate, pyrolysis temperature and vapor 
residence times [96]. Various other factors like type of reactors, wood particle size and char 
accumulation can also affect the yield and quality of the pyrolysis bio oil. Until now there is no complete 
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study is there to minimize or accumulate these effects altogether. Therefore further research is 
required, in order to obtain an overall explanation of thermochemical conversion processes to produce 
high quality pyrolysis bio oil. 
 
One of the requirements of commercial pyrolysis bio-oil is that it should maintain its chemical and 
physical properties such as stability and viscosity. These properties demand high inhomogeneity and low 
molecular weight compounds. High molecular weight compounds are the result of the high lignin 
content in the biomass and wood. So in order to achieve these properties wood with less lignin content 
is desirable for the reduction of heavier molecular weight compounds in the pyrolysis bio oil [97, 98].  

Table 3.9 & Table 3.10 displays the comparison of bio oil and standard diesel oil in terms of fuel 
properties for different feed stocks. High moisture content and viscosity increase the issues with the use 
of bio oil as bio fuel. Moisture content also decreases the heating value of the fuel. High viscosity can 
initiate unfavorable reactions and will be problematic in the storage of bio oil [99].  

Table 3.9: Properties of pyrolysis bio oil from different type of raw materials 

 Moisture Content    
(wt. %) 

pH  Viscosity 
mm2/s  

HHV  
(MJ/kg)  

LHV  
(MJ/kg)  

Diesel   - 1 2.39 44.7 42.5 

Wood  15–30 2.5 40–100 16 19 
Birch 18.9 - - 18 16.5 
Pine 17 - - 19 17.2 
Willow  17.4 2.68 53.2 18.4 16.8 
Straw  47.4 3.45 17.2 13.6 11.6 
Sweet grass  24.7 2.87 34.2 16.4 14.8 
Reed canary grass  23.2 3.01 31.6 17.1 15.3 

 

Table 3.10: Elemental analysis of pyrolysis bio oil from different type of raw materials 

 C (%)  H (%) N (%) S (%)   O (%) 

Diesel   86  11.1  1  0.80  0  

Wood  55–58  5.5–7  0–0.2  0  35–40  
Birch 44 6.9 <0.1 0 49 
Pine 48.1 7 <0.1 0.02 47 
Willow  43.17  7.15  0.10  0.10  49.49  
Straw  28.2  8.78  0.10  0.10  62.83  
Sweet grass  38.3  7.42  0.10  0.10  54.08  
Reed canary grass  38.42  7.89  0.10  0.10  53.49  

 
At first the attractiveness of using bio oil was motivated by the fact for potential shortages of crude oil, 
but in last decade the ecological advantages of bio fuels have become an even more important factor. 
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Pyrolysis bio oil proved a much better opportunity for high efficiency energy production compared to 
traditional bio fuel. Therefore a substantial effort has been spent on research and development directed 
towards the application of bio oil not only for the generation of heat and power but also for use as a 
transport fuel. Unfortunately almost all the standard equipment such as boilers, engines and gas 
turbines constructed for operation with petroleum fuels bio oils is the main reason that bio fuels have 
not reached commercial standards.  
 
In the following section, application of bio-oil in boilers, turbines and diesel engines is potted. However, 
pyrolysis bio-oils have a good potential to replace conventional diesel fuel. Bio oil can be used as a 
replacement for petroleum fuels to generate heat, power and other chemicals. Where boiler and 
furnaces are the short term application (including power stations) and turbines and diesel engines are 
somewhat long term application (Figure 3.17). Upgrading of bio oil to various variety of transportation 
fuel is technically feasible, but the process needs further development. Transportation fuels such as 
methanol/ethanol and Fischer-Tropsch fuels can be produced from bio oil by synthesis gas processes. 
Moreover, there is a wide range of chemicals that can be extracted or produced from bio-oil. A general 
overview is explained below.  

 

Figure  3.17: Applications of Bio oil [17] 

Boilers and Furnaces 

Boilers and furnaces are vastly used for heat and power generation. The combustion however is less 
efficient as compared to turbines and engines. But boilers and furnaces can operate with wide variety of 
fuels ranging from petroleum distillates to natural gas and to coal slurries and saw dust. So bio oil is 
more suitable for use in boiler and furnace as long as it meet the satisfactory emission levels, economic 
feasibility and consistent quality characteristics. Pyrolysis bio oil use in boilers and furnaces have been 
Investigated by various researchers [48, 100, 101]. The important conclusions of this research have been 
summarized as follows:   

• Combustion characteristics of pyrolysis bio oil have different characteristics as compared with 
petroleum fuels; 

• If pyrolysis bio oil have high viscosity and high moisture then combustion performance of boiler is 
adversely affected; 

Pyrolysis Bio oil

Stabilize or 
upgrade

Extract and/or 
react

Combustion
Turbine,boiler,engineFoaming agent

Transport Fuel Electricity and/or Heat Chemicals
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• Exhaust gas emissions are different with different pyrolysis bio oil;  

• The flame resulted from bio-oil combustion is longer as compared to that of petroleum oil;  

•  Some modifications in the design of the furnaces and boilers are required for proper utilization of 
pyrolysis bio-oil in heat and power generation.   

Diesel Engines  
Diesel engines have greater combustion efficiency with oil and can be modified to the combined cycle 
power plant (CCPP). Bio oil can be operated in medium and slow speed conventional diesel engines. 
However some serious problems can arise while using bio oil in diesel engines. Such as, deposition of 
carbon on pistons and other components of the combustion chamber; plugging of filter; injector coking; 
formation of heavy gum and wax; engine starting difficulty in cold weather; excessive wear in engine; 
poor atomization;  and failure of fuel pump lubricating oil due to polymerization [102-104]. Jayed et al 
reviewed the reasons of [105]. 
Researchers have been trying to utilize pyrolysis bio oil in conventional diesel engine applications over 
the last few decades. Solantausta et al. used pyrolysis bio oil in a medium speed diesel engine efficiently 
[106]. They determined some difficulties in the adjusting of injection system due to the excessive 
variability in the composition of bio oil. They also investigated wear and corrosion in injection and pump 
materials of the engine and found out the reason of high CO emissions due to high moisture, acids and 
solid particles in pyrolysis bio oil. Various other similar studies found that the application of pure 
pyrolysis oils is suitable in low speed diesel engines with relatively high compression ratios, but blends of 
pyrolysis bio oil and methanol could be used in high speed engines, especially with additives to improve 
the cetane number like nitrated alcohol [107-109]. However pure pyrolysis bio oil have not yet been yet 
suitable for use in diesel engine because of several difficulties described above, but with improvements 
to the pyrolysis process and use of better materials for  engine components it is possible to overcome 
these problems.   

Gas Turbines  
Gas turbines are widely used for various applications like power generation, industrial processes and 
providing power for aircraft etc. Gas turbines are currently operated using natural gas and liquid   
petroleum fuels. However, pyrolysis bio oil can be used in gas turbine if they are properly modified and 
redesigned to accommodate some unusual properties of bio-fuel. Strenziok et al. successfully operated a 
small commercial gas turbine with a noted electrical power output of 75 kW with biomass pyrolysis bio 
oil [110]. In their study, he made some modifications to the turbine to allow it to operate in a double 
fuel mode with two separate fuel systems: one for standard petroleum diesel and another for biomass 
pyrolysis bio oil. However, when using bio-oil compared to diesel fuel there was a moderate reduction in 
the power output of turbine due to the excessive carbon deposition in the combustion chamber, buildup 
of slag in the exhaust system and slightly higher CO and HC emissions.   
 
Chemicals  
Pyrolysis bio oil also have the capability to produce high grade chemicals for flavoring of food, phenols 
(adhesives for wood), fertilizer, acetic acid, sugars and also chemicals for other industrial applications 
[111]. However studies on extracting useful chemicals from pyrolysis oil are ongoing and need further 
development. 
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4 MASS AND ENERGY BALANCE CALCULATIONS   
Three different types of pyrolysis are selected for the mass and energy balance calculations: 

1. Fast pyrolysis at 500 oC 
2. Fast pyrolysis at 1000 oC 
3. Slow pyrolysis at 500 oC 

Feedstock considered is same for all cases. Reactor types are different in fast and slow pyrolysis. 

Basis and assumptions 

1. Raw material feed or mass rate is 100,000 t/y; 
2. 330 days per year of plant operation considered; 
3. 1 hour operation is considered; 
4. The temperature is considered uniform throughout the reactor for energy balance; 
5. The operating pressure and pressure of vapors from the reactor is considered to be the same; 
6. The mass of recycled syngas is neglected. 

4.1 Feed Stock: Selection and Properties 
As mentioned earlier, Sweden is very rich in wood fuel so wood feed stocks considered were wood 
pellets, wood briquettes , Swedish pine saw dust (Pinus sylvestris), various forest fuels (fresh and stored 
forest residue mixes and stump wood from clear cuts and wood chips from forest thinning) and Swedish 
birch. The fresh/green forest residue composed of mixture of various wood species residues spruce, 
pine, and/or birch. Agricultural residues like straws from barley and rapeseed, and reed canary grass 
(RCG, an energy grass) can also be used as a feed. But they have to be pelletized before grinding to avoid 
potential feeding problems. The baled straws and grasses have to cut to obtain particle size below 6 mm 
(or as desired). The cuttings were then pelletized, crushed, and sieved to 3−5 mm particle size to enter 
into the pyrolysis reactor. 
 
The elemental analysis of different type of Swedish wood has been shown in the following table also 
shown in chapter 2 that will be used in the future calculations[5], [6], [7]. Pine is considered by taking 
Sweden into consideration. The properties of wood pellets and briquettes can be altered by carefully 
selecting the raw materials. The moisture content of fresh Pine and birch is approximately 17% - 20% 
while the moisture content in pellets and briquettes can be altered. For calculation the average 17% 
moisture is taken into consideration. 
Table 2.3: Elemental analysis of different types of Swedish wood 

Wood type C, wt.% H, wt.% O, wt.% N, wt.% S, wt.% Heating 
Value, HVW 

MJ/kg 
Wood pellets 49.8 6.1 43.6 0.16 0.005 17-18 
Wood Briquettes 49.4 6.6 40.2 - - 20.0 
Birch 48.8 6.0 44.2 0.5 0.01 20.0 
Pine 49.3 6.0 44.2 0.1 0.01 20.1 
Bark 47.2 5.6 46.9 0.3 0.07 20.9 
Wheat Straw 49.6 6.2 43.6 0.6 - 18.6 
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Table 2.4: Chemical analysis of different types of Swedish wood 

Wood Type Cellulose, 
wt.% 

Hemi-Cellulose, 
wt.% 

Lignin, 
wt.% 

Extractives, 
wt.% Ash, wt.% 

Softwood 45.8 24.4 28.0 - 0.28 
Hardwood 45.2 31.3 21.7 - 2.8 
Birch 40.0 39.0 21.0 - 0.5 
Pine 40.0 28.5 27.7 3.5 0.5 
Bark 24.8 29.8 43.8 - 3.9 
Wheat Straw 30.5 28.9 16.4 2.4 4.7 

  

4.2 Mass balance Methodology 
Mass balance calculations in a continuous process are not straightforward. The mass balance must be 
calculated by considering a discreet charge of feed. This will result in the discreet char yield. For this 
thesis the law of conservation of mass is considered by assuming no accumulation in the system. The 
total mass of syngas and bio oil is calculated by the feed mass less the char mass.  Moisture in the feed 
cannot be distinguished from the water in the pyrolysis bio oil and must be taken into account in 
calculation. The equations and terms used for total syngas mass and bio oil calculation are given below. 
 
Fundamental mass balance equation according to law of conservation of mass is: 

𝑚𝑚𝑏𝑏𝑠𝑠𝑝𝑝𝑜𝑜𝑜𝑜 =  𝑚𝑚𝑤𝑤𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜  4.1 

𝐹𝐹 = 𝐶𝐶 + 𝐺𝐺 + 𝐿𝐿 4.2 

Overall balance is shown in equation 4.2. C, G, L is calculated according to the following relation 
Mass of product (C, G, L) = mass fraction x mass of feed to reactor 

𝐿𝐿 =  𝑋𝑋𝐿𝐿  𝐹𝐹 4.3 

𝐺𝐺 =  𝑋𝑋𝐺𝐺  𝐹𝐹 4.4 

𝐶𝐶 =  𝑋𝑋𝑐𝑐 𝐹𝐹 4.5 

While  
𝑋𝑋𝑐𝑐 + 𝑋𝑋𝐿𝐿 + 𝑋𝑋𝐺𝐺 = 1 

 
1. The mass balance on dryer is as follows: 

Mass rate of feed to reactor = mass rate of feed with moisture – mass rate of moisture removed  4.6 

𝐹𝐹 = 𝐹𝐹′ −  𝑀𝑀𝐸𝐸𝐻𝐻𝑎𝑎𝑝𝑝𝑤𝑤𝑎𝑎𝑎𝑎𝑜𝑜𝐸𝐸𝑤𝑤   

XF.  F = XF´. F´ 4.7 

2. The mass balance on pyrolysis reactor is solved by these equations: 
𝐹𝐹 = 𝐶𝐶 + 𝐺𝐺𝑐𝑐 +  𝐺𝐺𝑠𝑠𝑐𝑐  4.8 

3.   The mass balance on condenser is solved by these relations 
 𝐺𝐺𝑐𝑐 +  𝐺𝐺𝑠𝑠𝑐𝑐 =  𝐺𝐺 + 𝐿𝐿  4.9 

Where:   
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F’ = Mass rate of feed, kg/h 
M = Moisture content in the feed, kg/h 
MEvaporated = Moisture removed, kg/h 
F = Dry mass rate of feed, kg/h 
Gc = mass rate of condensable vapors, kg/h 
Gnc = mass rate of non-condensable vapors, kg/h 
G = Mass rate of Syngas, kg/h 
L = Mass rate of Bio oil, kg/h 
C = Mass rate of Bio Char, kg/h 
XF , XF´,  XL, XG and XC are mass fraction of dry wood in the dryer, dry wood in reactor,  bio oil, syngas and 
bio char in final product respectively, wt. % 

4.3 Energy balance Methodology  
In the absence of experimental data to make the calculation the elemental balance of products the 
following values were taken from the literature. Like mass balance calculations, law of conservation of 
energy was used for the estimation of energy in the final products. The terms and equations used for 
the calculation are as follows: 

𝑄𝑄𝑏𝑏𝑠𝑠𝑝𝑝𝑜𝑜𝑜𝑜 =  𝑄𝑄𝑤𝑤𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜 4.10 

𝑄𝑄𝐹𝐹 = 𝑄𝑄𝐿𝐿 +  𝑄𝑄𝐶𝐶 +  𝑄𝑄𝑆𝑆 + 𝐿𝐿  4.11 

Heat of component = mass flow rate × Heating value of component  

𝑄𝑄𝐹𝐹 =  𝐹𝐹´  ×  𝐻𝐻𝐻𝐻𝑊𝑊 4.12 

𝑄𝑄𝐿𝐿 =  𝐿𝐿 × 𝐻𝐻𝐻𝐻𝐿𝐿 4.13 

𝑄𝑄𝐺𝐺 =  𝐺𝐺 ×  𝐻𝐻𝐻𝐻𝐺𝐺  4.14 

𝑄𝑄𝐶𝐶 =  𝐶𝐶 ×  𝐻𝐻𝐻𝐻𝐶𝐶  4.15 

Where: 
QF = Chemical energy of Feed, kJ/h 
QL = Chemical energy of Bio oil, kJ/h 
QC = Chemical energy of Bio Char, kJ/h 
QS = Chemical energy of Syngas, kJ/h 
L = Loss of chemical energy, kJ/h 
HVW , HVL , HVG , HVC , = Heating value of wood , bio oil, syngas and bio char respectively. The elemental 
analysis and heating values for pyrolysis products are given in the Table 4.1 
Table 4.1: Elemental balance of Pyrolysis products [112] 
Elements Bio Oil Bio Char 
C wt.%  54.7 66.6 
 H wt.% 5.3 2.7 
N wt.% 1.8 0.9 
S wt.% 0.1 0.0 
O wt.% 38.1 9 
H2O in Bio oil wt.% 13.8 - 
Ash content wt.% - 20.9 
Heating Value, MJ/kg 20 24.7 (~25) 

syngas 
CO2  wt.% 23.5 
CO wt.% 55.5 
CH4  wt.% 11.7 
H2  wt.% 9.3 
Heating Value, MJ/kg 9.8 (~ 10) 
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Heat of combustion for syngas and bio char is calculated as: 

𝐻𝐻𝐻𝐻𝑇𝑇𝐻𝐻 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑚𝑚𝐶𝐶𝐶𝐶𝑇𝑇𝐻𝐻𝐶𝐶𝑜𝑜𝐶𝐶 =  �𝐻𝐻𝐶𝐶𝑏𝑏

𝑠𝑠

𝑏𝑏

×  𝑀𝑀𝐹𝐹𝑏𝑏 
4.16 

Where: HC is heat of combustion in KJ/kg of components in syngas or bio char and MF is mass fraction of 
that component in wt. % 

4.4  Case 1: Fast Pyrolysis at 500 oC 
4.4.1 Process Scheme Design 
The proposed scheme for fast pyrolysis process is given in the Figure 4.1. The material flow is same as 
explained in the previous chapter. The heat for pyrolysis is covered with the combustion of syngas or bio 
char. The heat recovered in condenser is used for the steam generation which is then fed to the turbine 
to produce electricity to cover the power demands of the pyrolysis plant.  

 

Figure  4.1: Process Scheme for fast pyrolysis 
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Figure  4.2: process flow diagram for pyrolysis process 

4.4.2 Products yields and distribution 
From the table below it can be seen that the mass fraction of bio oil in case of fast pyrolysis is fairly 
consistent. The products yield from the pyrolysis if different types of wood is gathered and presented in 
the Table 4.2 the pyrolysis conditions are as follows:  
Pyrolysis Type: Fast 
Reactor type: Fluidized bed reactor 
Pyrolysis Temperature: 500 oC 
For fast pyrolysis at 500 oC the mass fraction of products by the pyrolysis of pine is taken as Sweden is 
rich in Pine production.   
Table 4.2: product yields from different type of products 

Raw Material Bio oil, XL 
wt.% 

Syngas, 
XG wt.% 

Bio char, XC 
wt.% Reference 

Biomass 63 13 24 [112] 
Wood 70 20 10 [113] 
Wood 65 18 17 [114] 
Pine Sawdust 66 19 15 [115] 
Wood 75 13 12 [9] 
Biomass 75 13 12 [116] 
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Corn Stover 70 13 17 [117] 
Sawdust  60 14 26  [118] 
Pine  75 13 12 [119] 

 

4.4.3 Methodology for the calculation of heat requirement for fast pyrolysis  
Energy required in terms of Heat flux to carry out the different process prior and after the pyrolysis is 
calculated by the fundamental equations already developed for the specific equipment. The proposed 
heat flux streams for the processes are shown in the Figure 4.3.  

Grinding 
The energy required for grinding and chopping has been calculated from the model given by Mani et al 
[120]. According to the model the energy required can be estimated by the following equation if the 
required size is 0.5 mm to 3.5 mm. our required size is 0.5 mm or 500 micro meters so the equation can 
be used. 

𝐺𝐺𝐸𝐸 = 5.31 𝑍𝑍2 − 30.86 𝑍𝑍 + 55.45 4.17 

Where, 
GE = energy required for grinding, kWh/ton 
Z = required size of feed, mm 

DRYER GRINDER
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Figure  4.3: Energy streams in the Pyrolysis process 
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Drying  
Feed has to be dried before they fed into the reactor. As mentioned earlier the wood chips in Sweden 
have estimated 17 % of moisture we have to reduce it to 7% final moisture of reactor feed. The heat flux 
required for drying can be estimated by the doing the energy balance on the dryer. Heat balance is 
applied in the dryer as explained in the Figure 4.4. 

 

Figure  4.4: Heat streams for dryer 

The heat required for drying operation is calculated from the following equations: 

• Heat flux required to raise the temperature of wood to 25 to 125 oC 
o Sensible heat of wood 
o Sensible heat of Water in wood 

• Heat flux required to vaporize the moisture in the wood 

𝐷𝐷𝐸𝐸 = 𝐹𝐹′𝐶𝐶𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑑𝑑𝑇𝑇 + 𝑀𝑀𝐶𝐶𝐶𝐶𝑤𝑤𝑑𝑑𝑇𝑇 + 𝐿𝐿𝐻𝐻𝐻𝐻𝑀𝑀𝐻𝐻 4.18 

 
Where, 

DE = heat flux required for drying, kJ/h 
dT = drying temperature less the ambient temperature = 373 – 298 = 75 K 
M = mass rate of water in the wood, kg/h 
 𝐹𝐹′ = 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇 𝑜𝑜𝑜𝑜 𝑜𝑜𝐻𝐻𝐻𝐻𝑑𝑑, 𝑘𝑘𝑠𝑠

ℎ
 

𝑀𝑀𝐻𝐻 = mass rate of water evaporated 

𝐶𝐶𝐶𝐶𝑤𝑤 = heat capacity of water, 4.184
kJ

kg K
 

𝐶𝐶𝐶𝐶𝑤𝑤 = heat capacity of dry wood ,
kJ

kg K
 

𝐿𝐿𝐻𝐻𝐻𝐻 = Latent heat of vaporization of water,
kJ
kg 

 

𝐶𝐶𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = heat capacity of wood,
kJ

kg K
 

 
Heat capacity of wood is estimated as 1.35 - 1.45 KJ/kg/K at mean temperature of 60 oC from the 
following figure 4.5: for the calculation purposes the value is taken as 1.4 KJ/kg/K 

Feedstock with 
17% moisture

Evaporated 
moisture

Feedstock with 7% 
moisture

 Energy for drying ,DE 
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Figure  4.5: Specific heat capacities of wood reported in the literature   

Heat for Pyrolysis / Reactor Heat Balance 
Yang et al estimated the Heat of Pyrolysis as given in the Table 4.3 [59] 

Table 4.3: heat of pyrolysis for different raw materials 

Wood type Heat of Pyrolysis, MJ/kg 
Cedar 1.3 
Pine 1.5 
Willow 1.5 
Babmoo 1.5 
Sasa bamboo 1.6 

 
Daugaard and Brown also estimated the heat for pyrolysis  [60] by using  the fluidized bed reactor with 
Nitrogen gas at reactor temperature of 500 oC. They calculated the heat fo pyrolysis for different type of 
woods as shown in the Table 4.4. 

Table 4.4: heat of pyrolysis for different raw materials 

Wood type Heat of Pyrolysis, 
MJ/kg 

Oak 1.46 ± 0.28 
Oat hulls 0.78 ± 0.28 
Pine 1.6 ± 0.3 
Corn stover 1.35 ± 0.28 

 

For calculation purposes the heat  required for Pine pyrolysis is considered as  1.5 MJ/kg. 
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𝑄𝑄𝑝𝑝𝑃𝑃 = 𝐻𝐻𝐻𝐻𝑇𝑇𝐻𝐻 𝑜𝑜𝑜𝑜 𝐶𝐶𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝𝑇𝑇𝐶𝐶𝑇𝑇 × 𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇 𝑜𝑜𝐻𝐻𝐻𝐻𝑑𝑑 𝐻𝐻𝑜𝑜 𝑝𝑝𝐻𝐻𝑇𝑇𝑟𝑟𝐻𝐻𝑜𝑜𝑝𝑝 4.19 

Heat recovered in Condenser 
As mentioned earlier, the pyrolysis of wood produce vapor and char as products. The vapor as 
condensable gases is then send to the series of condensers to collect the bio oil and then to separate the 
bio oil from non-condensable gases. The heat released is recovered to produce the steam for the 
generation of electricity or to provide heat for required components. 

 

Figure  4.6: Heat streams in Condenser(s) 

Heat balance is applied to the condenser by the following equation.  

𝐶𝐶𝐸𝐸  = 𝑚𝑚𝐻𝐻𝑎𝑎𝑝𝑝𝐶𝐶𝐶𝐶𝐻𝐻𝑎𝑎𝑝𝑝𝑑𝑑𝑇𝑇 + 𝑚𝑚𝑤𝑤 𝐿𝐿𝐻𝐻𝑤𝑤 4.20 

Where: 
CE = Heat that can be recovered in Condenser 
mvap = mass of vapors (condensable plus non condensable), kg/h 
mo = mass of bio oil condensed, kg/h 

𝐶𝐶𝐶𝐶𝐻𝐻𝑎𝑎𝑝𝑝 = Specific heat capacity of bio oil vapors,
kJ

kg K
 

𝐿𝐿𝐻𝐻𝑤𝑤 = Latent heat of vaporization of bio oil vapoors ,
kJ
kg 

 

Qiang estimated Specific heat capacity of bio oil as 3.2 MJ/kg/K [121]. And lei zhang [122] gives the chart 
for the estimation of latent heat for bio oil as shown in the Figure 4.6. At 500 K the mean latent heat for 
bio oil is estimated as 700 kJ/kg 

 
Figure  4.7: Predicted latent heat of bio-oil components in the temperature range of 300~580 K 
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4.4.4 Results 
By considering the above methodology a model in excel was designed for the calculations the results are 
given in the following sub sections: 

Mass balance results: 

Mass balance results are calculated and presented in Table 4.5 

Table 4.5: Mass balance results 

Feed Input, F’ 12626 kg/h 
Moisture in wood, M 17 % 
Moisture in feed to reactor  7 % 
Moisture removed, M’ 1357 kg/h 
Total feed rate in reactor, F 11268 kg/h 
Mass of Bio Oil, L  8451 kg/h 
Mass of Syn Gas, G   1464 kg/h 
Mass of Bio char, C  1352 kg/h 

 
Energy balance results 

Energy distribution among products are estimated and shown in the Table 4.6. 

Table 4.6: energy balance of pyrolysis products 

Energy of Wood, QF 252525 

MJ/h 
Energy of Bio Oil, QL 143674 
Energy of Syngas, QG 14649 
Energy of Bio Char, QC 33805 
Losses,L 60395 

 

Results of Heat requirement for pyrolysis process 

Heat flux required for different processes in pyrolysis system was calculated according to the relations 
explained in the previous section and the results are given in the Table 4.7. It was assumed that there 
are 10% heat losses from combustion which accounts for 2649 MJ/h. 

Table 4.7: Heat balance summary 

Process component Total Heat / Energy Required, MJ/h 
Grinder, GE 1879 
Drier, DE 5063 
Reactor, QPy 16902 
Total 23845 
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Heat recovered in condenser is now calculated, for this an assumption has been made that: 0.3 – 0.7 
fractions of Vapors are condensed to bio oil. So calculation is done for these fractions with 0.05 gap and 
then mean heat is calculated as 15251 MJ/h by considering the efficiency of condenser as 90%. For the 
estimation of heat recovery from condenser it was assumed that 75-80% of heat is available. The results 
are shown in the Table  4.8 when we integrate steam turbine with this heat the following values are 
calculated. 

Table  4.8: Heat recovery calculation in condenser 

Fraction of vapors 
condensed to bio oil 

LHv*Mo Mv*Cpo*dT Heat recovered in condenser 

0.3 1774 15072 16847 

MJ/h 

0.35 2070 15072 17143 
0.4 2366 15072 17439 

0.45 2662 15072 17735 
0.5 2958 15072 18030 

0.55 3253 15072 18326 
0.6 3549 15072 18622 

0.65 3845 15072 18918 
0.7 4141 15072 19214 

Mean,  18030 
Efficiency of heat 0.9 % 

Heat of Condenser, CE 16227 MJ/h 
 

Table  4.9: Condenser heat recovery calculations 

Heat that can be recovered from condenser, (0.775*CE) 
12576 MJ/h 

3493 KW 
Efficiency of steam power plant with cogeneration 60 % 
Electricity 2096 Kw 
Grinding power required 522 Kw 
Net Electricity remaining for utilities and other usage 1574 Kw 

 

Heat available from the combustion of Syngas and Bio char 

Calculation for heat that can be obtained from the Combustion of Syngas by assuming (all gas 
combusted) and with combustor efficiency of 90% is given in Table 4.9. 

Table  4.10: Heat availability of syngas for Pyrolysis process 

Syngas  MFi, wt. % Heat of Combustion, HCi, 
MJ/kg 

Average heat of 
combustion 

CO2 23.5 0 0 MJ/kg 
 CO 55.5 10.1 5.6 
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CH4 11.7 55.5 6.4 
H2 9.3 141.8 13.1 

Average Heat of Combustion 25.3 
Heat of combustion in syngas produced 37042 

Combustor efficiency 90 % 
Heat obtained  33338 MJ/h 

 

Similarly heat that can be obtained from the Combustion of bio char by assuming (all bio char 
combusted) and with combustor efficiency of 90% is given in Table 4.11. 

Table 4.11: Heat availability of Bio char for Pyrolysis process 

Bio Char Composition MFi, wt. % Heat of Combustion, HCi, 
MJ/Kg 

Average heat of 
combustion 

Carbon, C 66.6 32.8 21.648 
MJ/kg 

 
Hydrogen, H 2.7 141.8 3.82 

Average Heat of Combustion 25.47 
Heat of combustion in syngas produced 34716 

Combustor efficiency 90 % 
Heat obtained  31244 MJ/h 

 

Pictorial representation of heat streams in pyrolysis processes are explained in the following diagram. 

 

Figure  4.8: Sankey diagram for heat balance of fast Pyrolysis 

Pyrolysis Thermal efficiency 

The Pyrolysis Thermal efficiency of the system is defined as the following equation: 

𝑃𝑃𝑇𝑇𝐸𝐸 =  
𝑄𝑄𝐿𝐿 +  𝑄𝑄𝐶𝐶 +  𝑄𝑄𝑆𝑆

 𝑄𝑄𝐹𝐹 + 𝐺𝐺𝐸𝐸 +  𝐷𝐷𝐸𝐸 + 𝑄𝑄𝑝𝑝𝑃𝑃
 4.21 
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The Pyrolysis thermal efficiency was found to be 69 % for the 100 % mass output  

4.5 Case 2: Fast Pyrolysis at 1000 oC  
4.5.1 Process Scheme Design 
The process scheme used for fast pyrolysis at 1000 oC is same as used in case 1 (Figure 4.1). 

4.5.2 Products yields and distribution 
Septian [123] studied the effect of temperature on products composition in fast pyrolysis. He found that 
with the increase of temperature the percentage of Syngas is increased significantly and bio char 
production is minimum. At temperature 1000 oC the yield of Syngas was 80 %, bio oil or tar was 16% and 
Bio char is 4 %. 

4.5.3 Methodology for the calculation of heat requirement for fast pyrolysis 
The methodology used for the calculation of heat for fast pyrolysis at 1000 oC is same as in previous 
section 4.4.3 and equation 4.18 

4.5.4 Results 
The mass and energy balance is calculated as follows in Table 4.12 and Table 4.14. Syngas yield is 
increased significantly in this case. The heat required for grinding and drying was assumed to be same as 
case 1. The heat of Pyrolysis is taken as 2 MJ/kg (it was 1.5 MJ/kg for case 1).   

Table 4.12: mass balance for fast pyrolysis at 1000 oC 

Feed Input, F’ 12626 kg/h 
Moisture in wood, M 17 % 
Moisture after drying 7 % 
Moisture removed, M’ 1357 Kg/h 
Total feed rate in reactor, F 11268 Kg/h 
Mass of Bio Oil, L  1802 Kg/h 
Mass of Syn Gas, G   9014 Kg/h 
Mass of Bio char, C  450 Kg/h 

Energy balance results 

Energy distribution among products are estimated and shown in the Table 4.6. 

Table 4.13: energy balance of pyrolysis products 

Energy of Wood, QF 252525 

MJ/h 
Energy of Bio Oil, QL 30650 
Energy of Syngas, QG 90148 
Energy of Bio Char, QC 11268 
Losses,L 120457 

 

Table 4.14: Heat requirement for different components in fast pyrolysis at 1000 oC 

Process component Total Heat / Energy Required, MJ/h 
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Grinder, GE 1879.4 
Drier, DE 5063 
Reactor, QPy 22537 
Total 29480 

 

The heat required can be fulfilled by the heat recovery from condenser and the burning of char and bio 
oil to produce the remaining heat. The heat required for pyrolysis at 1000 oC is greater than the pyrolysis 
at 500 oC but less than the slow pyrolysis. The Sankey diagram for fast pyrolysis at high temperature is 
shown in the Figure 4.8. The Pyrolysis thermal efficiency is 47% with by considering zero mass loss in the 
reactor. It was assumed that there are 10% heat losses from combustion which accounts for 3275 MJ/h. 

 

 

Figure  4.9: Sankey diagram for fast pyrolysis at high temperature 

4.6 Case 3: Slow Pyrolysis at 500 oC 
Like fast pyrolysis, slow pyrolysis is also a thermal process in which wood or other carbonaceous 
materials is heated and converted to biofuels in the absence of oxygen or air. The slow pyrolysis takes 
place at the 500 oC, but the heating rate is very slow 5-7 oC/min, residence time is very large up to 30 
min,   bio char yield is higher (25-35%) and bio oil yield is much lower (35-50%) [19].  

4.6.1 Process Scheme Design 
IRPP [124] (integrated Regenerated Pyrolysis Plant) consists of a Gas turbine which used the syngas 
produced by slow pyrolysis of biomass or waste. Electricity produced from gas turbine is used for the 
requirements of plant and exhaust gases of gas turbine are used to carry out the pyrolysis process. The 
diagram below shows the whole process designed by the IRPP technology. Two heat recovery systems 
are used to increase the heat recovery and efficiency of the plant. One is use to recover the heat energy 
of exhaust gases from turbine and other is used for the heat recovery of hot gases from pyrolysis 
process.  
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Figure  4.10: IRPP Process diagram [124] 

4.6.2 Products yields and distribution 
Bridgwater describes the products distribution from slow pyrolysis of wood as shown in the following 
table [125] 

Table 4.15: Products distribution in Slow Pyrolysis 

 Slow Pyrolysis 
Temperature, oC 420 500 600 
Bio oil 51.9 52.8 51.9 
Bio Char  33.6 31.9 32 
Syn Gas 13.4 11.3 11.4 
Losses 1.1 4 4.7 
Heating rate 14.5 13.7 12.6 
Residence time, min 30 
 

4.6.3 Methodology for the calculation of heat requirement for slow pyrolysis 
 Fantozzi proposed the equations for the calculation of power required for pyrolysis.[61] as explained in 
section 3.6.2 He estimated the heat required as 2.22 MJ/kg. The total heat of pyrolysis can be calculated 
by equation 4.18 
 
4.6.4 Results 
Mass and energy balance results: 

The methodology used for mass and energy balance calculations are similar as explained in the previous 
chapter. The results for mass and energy balance are given in the Table 4.16 and Table 4.17. Sankey 
diagram is also presented (Figure 4.10). Yield of bio char increased at the expense of bio oil. The energy 
contents of bio char and bio oil are similar as shown in the Table 4.17. The losses constitute a heavy 
percentage in slow pyrolysis case Figure 4.10. 
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Table 4.16: mass balance for slow pyrolysis 

Feed Input, F’ 12626 kg/h 
Mass of Bio Oil, L  6666 Kg/h 
Mass of Syn Gas, G   1426 Kg/h 
Mass of Bio char, C  4027 Kg/h 

Table 4.17: Energy balance for slow pyrolysis products   

 Energy content in Wood, QF  252525.3 

MJ/h 
 

Energy content in Bio Oil, QL  113333 
Energy content in Syngas, QG  14267 

Energy content in Bio char, QC  100694 
Losses, L  24229 

 

 

 

 

 

 

 

 

 

 

Figure  4.11: Sankey diagram for wood and slow pyrolysis products 

 
 
Heat requirement for slow pyrolysis 
Based on above assumptions and equations the heat required for slow pyrolysis has been estimated as 
28030 MJ/h. the heat efficiency of burner is assumed as 70% Heat requirement and heat distribution 
among pyrolysis products are explained in the Sankey diagram (Figure 4.11). The pyrolysis thermal 
efficiency for slow pyrolysis is estimated as approximately 80% by assuming no mass loss in the reactor. 

Losses, 9.8 % 

Bio Char, 39.8 %  

Syngas, 5.6%  

Bio Oil, 44.8 % 

Wood Input Energy, 100 % 
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Figure  4.12: Sankey Diagram for Pyrolysis Reactor Energy Balance 

Heat available from the combustion of Syngas 
Syngas was combusted to fulfill the heat requirements of process. It was found that heat required is less 
than the heat that can be produced from the syngas. But the heat required for slow pyrolysis is much 
greater than the fast pyrolysis (Table 4.18). 
 Table 4.18: Heat availability of syngas for Pyrolysis process 

Syngas Composition MFi, wt. % Heat of Combustion, HCi, 
MJ/Kg 

Average heat of 
combustion 

CO2 44 0 0 

MJ/kg 
 

CO 28 10.1 2.82 
CH4 16 55.5 8.88 
H2 9.3 141.8 13.18 

Average Heat of Combustion 24.9 
Heat of combustion in syngas produced 35519 

Combustor efficiency 90 % 
Heat obtained  31967 MJ/h 

 

4.7 Remarks on results  
The mass distribution is different in all three cases. Bio oil is favored by fast pyrolysis at 500 oC while bio 
char yield has increased by slow pyrolysis at 500 oC. The yield of non-condensable gases is increased in 
fast pyrolysis at high temperature. The heat of pyrolysis is also increased by increasing the temperature 
of pyrolysis. Thermal efficiency is decreased by increasing the temperature for fast pyrolysis. The syngas 
combustion is enough for fulfill the heat requirements of pyrolysis process. But the proper simulation 
and experimental data is required to further verify this. The detailed conclusion for these results are 
presented in Chapter 6. 
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5 ECONOMICS OF PYROLYSIS PLANT 
5.1 Cost comparison of worldwide Installed Pyrolysis Plants 
Several previous studies report the cost of producing bio-oil via fast pyrolysis, but very few have 
explored the cost of upgrading bio-oil to transportation fuel. Furthermore, previous studies apply 
varying assumptions for biomass cost, plant capacity, reactor technology, and other variables. Results 
presented in this study are given in terms of the fuel product value (PV) that yields a net present value 
of zero with an internal rate of return of 10%. Additional economic assumptions are presented in the 
economics section. 

Previous studies have estimated the cost of bio-oil to range between $0.26 and $1.5 per gallon. Capital 
cost estimates for these studies range for medium capacity pyrolysis plants from $45 million to $200 
million for 500 tonne per day to 2000 tonne per day capacities. The findings are illustrated in the Table 
5.1.   

Table 5.1: Cost comparison with plant capacity for different pyrolysis plant 

Plant 
Capacity, 
tonne/day  

Type of Feed Type of 
Pyrolysis 
Process 

Capital 
Cost 
(Million $) 

Operating 
costs per 
annum 
(Million $ ) 

Raw 
material 
costs 
($/tonne) 

Production 
costs 
($/gal Bio 
Oil) 

Ref 

2000  Corn Stover Fast 200 12.3 83 0.26 [126] 
1650 Wood Pellets Fast 180 12 - 0.24 [127] 
1000 Dry Wood Fast 68 10.6 44 0.41 [128] 
1000 Wet wood Flash 72 11.3 30 0.6 [117] 
1000 Peat Fast 76 10.2 20 0.61 [129] 
1000 Straw Fast 82 10.2 42.5 0.64 [129] 
900 Wet wood Fast 46 9.9 34 0.5 [130] 
850 Dry Wood Fast 62 6.37 25 - [131] 
620  Dry Wood Fast 46 4.74 25.65 - [131] 
550  Dry Wood Fast 48.2 9.6 45 0.71 [37] 
530 Wood residue Fast 58 5.96 37.23 - [132] 
400 Wet wood Fast 14.3 8.8 36 1.02 [99] 
250 Dry wood Fast 14 8.92 44 0.55 [133] 
235 Corn residue Fast  16 1.63 23.28 - [134] 
235 Dry Wood   Fast 19 1.96 17.32 - [135] 
200 Wet wood Fast 8.8 4.84 36 1.11 [99] 
100 Wet wood Fast 6.6 2.84 36 1.48 [99] 
55 Wood residue Fast 12 1.26 78.74 - [132] 
55 Dry wood Fast 9 0.92 57.37 - [131] 
24 Rice Husk Fast 3.89 0.17 22 0.82 [136] 
7 Wood residue Fast 3 0.31 157.48 - [132] 
2.4 Rice Husk Fast 0.97 0.034 22 1.73 [136] 
  

Moreover Bridgwater, 2009 [132] calculated the relation for the capital cost estimation of Pyrolysis Plant 
by analyzing the world wide data as shown in the 5.1 and 5.2. 
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Capital cost FP plant, GBP million 2008 = 4.64 * (dry feed rate dry t/h)0.67  5.1 

 
Capital cost FP plant, euros million 2008=6.03 * (dry feed rate dry t/h)0.67 5.2 

 
5.2 List of companies producing bioenergy from pyrolysis plant  
Currently, operating pyrolysis plants are mainly pilot and demonstration scale plants. The global 
pyrolysis capacity is comparatively small (less than 10 PJ/year). Dynamotive and Ensyn use sawdust and 
wood shavings as feedstock for pyrolysis. The actual production figures of fast pyrolysis plants were not 
assessed as the global bio oil capacity is negligible and several plants are not in operation. Commercial 
scale pyrolysis plants have mainly been operated by Canadian companies. Ensyn has six small pyrolysis 
plants, and Dynamotive has had two pyrolysis oil plants in Canada, with the capacities of more than 30 
000 tons a year, but these have both been shut down in 2008. Titan Clean Energy has a small plant in 
Canada, the objective of which is bio char production. Metso and UPM in Finland have been developing 
pyrolysis technology with Fortum and the Technical Research Centre of Finland (VTT).   

Table 5.2: Pyrolysis operating plants worldwide with specific features 

Company and Location Type of Reactor Plant Capacity , 
Tonne/day 

Main Product 

Red Arrow, Ensyn 
Circulating Fluidized bed 

 

40.8 Bio Oil/ Chemicals 
Red Arrow, Ensyn 36 Bio Oil/chemicals 
Ensyn Engineering 0.72 Bio Oil 
VTT, Ensyn 0.48 Bio Oil 
THEE 

Bubbling Fluidized bed 

12 Bio gas 
DynaMotive, Canada 9.6 Bio Oil 
BEST Energy, Australia 7.2 Bio Oil 
Wellman, UK 6 Bio Oil 
RTI 5 Bio Oil 
Union Fenosa, Spain 4.8 Bio Oil 
Zheijiang University, China 0.48 Bio Oil 
Bio Alternative , USA Fixed bed reactor 48 Bio Char 
BTG-Netherlands 

Rotating Cone 
4.8 Bio Oil 

UT, Netherlands 0.24 Bio Oil 
PYTEC, Germany 

Ablative 
8.4 Bio Oil 

PYTEC, Germany 0.72 Bio Oil 
BBC, Canada 6 Bio Char 
Solar energy research Ins Vortex 0.36 Bio Oil 
Lavaal University 

Vacuum 
0.72 Bio Oil 

Pyro vac 84 Bio Oil 
Alten (KTI + Itaenergy) 

Others 

12 Bio Oil 
Fortum, Finland 0.36 Bio Oil 
University Zaragoza Spain 0.72 Bio Oil 
Georgia Tech, Research Ins 8.4 Bio Oil 
Waterloo University 0.072 Bio Oil 
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5.3 List of notable companies producing pyrolysis equipment in Europe  
BTG Bio oil Pyrolysis Pilot plant, Netherlands  
Webpage: www.btg-btl.com/en  
Pilot plant (~ 1 MWth) for the production of a pyrolysis liquid from biomass and residues. 

 Capacity: 50 – 200 kg biomass/hr 
 Product: 20 – 150 kg bio-oil/hr 
 Feedstock: Wood, dried sludge, straw, tobacco, bagasse, palm residues, etc. 
 Particle size: up to 6 mm (after sizing) 
 Moisture content: up to 10 wt% (after drying) 
 Typical runtime: 3 – 50 hrs 
 Basic results: Bio-oil, bio-oil yield, mass & energy balances, flue gas composition 

Sustainable Environmental Systems Ltd , UK 
Webpage:  www.se-systems.co.uk/  
 SES works closely with some of the leading gasification/pyrolysis technology providers and has 
conducted independent due diligence on many others. The systems that we recommend come with 
insurance backed performance guarantees to ensure no loss of revenue due to unexpected plant 
outages. 
   
Bio green, France 
Webpage: www.biogreen-energy   
Innovation, equipment and processes for continuous thermal treatment of bulk products. Also provide 
pilot plants for feasibility studies 
 
Eko Technology Pyrolysis plant,  Italy  
Webpage: www.eko-technology.com/english/Index.html 
Eko Technology is a company projecting and building industrial plants and mechanical equipment for 
waste disposal. 
 
Splainex MSW Pyrolysis, Netherlands  
Webpage: www.splainex.com 
Specific equipment design, supply the required equipment, supervise erection and commissioning, and 
perform personnel training. 
    
PYTEC Thermochemische Anlagen GmbH, Germany    
Webpage: www.pytec.de/  
Flash Pyrolysis Equipment: wood pyrolysis at 500 oC  

Ewtech , Spain   
Webpage: www.ewtech-ing.com   
Pyrolysis and gasification, Energy & Waste provides consultancy and technical assistances for 
gasification and pyrolysis plant. In addition, designs and build gasification plants of low power. 
 
nett energy, Netherlands 
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Webpage: www.nettenergy.com/ 
PyroFlash technology is unique in the simultaneous production of multiple products. The pyrolysis oil 
can be extracted in different fractions. 
    
Cortus energy, Stockholm  
Pyrolysis and gasification components. 
 
RESEM Pyrolysis plant (waste) China 
Main products: 

• HA-35-PT 10 tons/day Tyre Pyrolysis Plant 
• http://www.pyrolysisoil.net/ Pyrolysis reactor   
• HA-PL 5/8/10/12 Tons Tyre Pyrolysis Plant 
• MSW pyrolysis to power system 
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6 CONCLUSION AND DISCUSSION 
This thesis explores the technical analysis of different pyrolysis processes. Economic assessment of 
pyrolysis plants is also carried out, by taking the data from already installed plants in Europe and USA. 
Fast pyrolysis at 500 oC, 1000 oC and slow pyrolysis are considered.  

Feedstock: Swedish wood is considered as feedstock in all processes. It was found that feedstock 
availability is crucial to the techno economic feasibility of the pyrolysis project. Projects in this field 
become economically feasible above a certain capacity, which is usually quite high. If the feedstock is 
not readily available locally then the import and transport cost will make the final products costly that 
might make the process not feasible.  

Technology: The technology of fast pyrolysis involves heating of biomass from 450-1000°C in the 
absence of oxygen for a few seconds. There are numerous types of fast pyrolysis including vacuum, 
ablative, circulating bed, and fluidized bed pyrolysis. The most well-known methods of fast pyrolysis are 
circulating bed and fluidized bed. The energy requirements for different pyrolysis processes were 
calculated and it was found out that the pyrolysis process is considered overall as endothermic process 
and there is certain amount of heat required to carry out the pyrolysis process. The heat requirement is 
less in fast pyrolysis process at 500 oC then other pyrolysis processes. This is because less amount of 
energy is required to preheat the feed in fast pyrolysis. 

Reactor: For fast pyrolysis, a wide range of various reactor schemes have been investigated. The most 
important reactor types used for pyrolysis process are bubbling fluidized bed, circulating fluidized bed, 
rotating cone, ablative and entrained flow reactors. Among those, fluidizing bed reactors are the most 
popular and feasible types because of ease of operation, high stability under required pyrolysis 
conditions and high bio oil yields. 

Mass and energy balance: The mass balance results shows that the fast pyrolysis at 500 oC favors the 
bio oil production, syngas yield is higher in fast pyrolysis at 1000 oC while slow pyrolysis produces more 
char. The energy required for pyrolysis reactor is more in all 3 cases followed by energy required by 
dryer and grinder. Heat requirement for slow pyrolysis is higher than the fast pyrolysis. An explanation 
for this variability of the heat for wood pyrolysis is exothermic primary char formation process 
competing with an endothermic volatile formation process which makes it as overall endothermic 
process. But pretreatment of wood or biomass in fast pyrolysis is extra burden on the total heat demand 
for fast pyrolysis. 

Heat/power requirement: The reactor is the heart of chemical process. The design of other components 
and processes depend on the design of reactor. In pyrolysis heat flux required was calculated for all the 
three cases are shown in the Table 6.1 and Figure 6.1. The results show that heat required for slow 
pyrolysis is higher than the fast pyrolysis. The heat recovery in the case of fast pyrolysis is carried out 
through the condenser after the reactor. The fast pyrolysis process could provide higher yield of organic 
liquid products, which could be used as precursor of biofuel and bio-based chemical. Furthermore, fast 
pyrolysis process also improves the cleavage of several functional groups in the pyrolysis oil. However, 
the higher content of PAH and molecular weight for the fast pyrolysis oil will bring barriers.   

Table 6.1: Heat required comparison for different types of Pyrolysis 
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Heat required, MJ/h 
Fast Pyrolysis at 500 oC 23845 
Slow Pyrolysis at 500 oC 28030 (plus heat required for raw material preparation) 
Fast Pyrolysis at 1000 oC 29480 
 

 

Figure  6.1: comparison for heat required for Pyrolysis processes 

Thermal efficiency was found to be more in case of slow pyrolysis followed by fast pyrolysis at 500 oC 
and 1000 oC. One possible explanation is that there are less processes involved in series in case of slow 
pyrolysis which ultimately results in less heat losses. The comparison for thermal efficiency is explained 
in figure  6.2. 

 
 

Figure  6.2: Thermal efficiency comparison 

Economics: Non-technical barriers focus on the system economics i.e. plant size, technical risks, 
dependence on government support, the feedstock availability, costs and infrastructure. The barrier to 
more rapid development of pyrolysis process, as in many cases, is cost. It was found that small scale 
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pyrolysis plants or demonstration plants will never produce biofuel at competitive costs. Also, large 
scale Pyrolysis plants   will not be economically competitive with fossil based plants if their 
environmental advantages are not valued or considered, or if the market situation does not change.  

From the data shown in chapter 5 the trend between plant size and different cost parameters like 
capital investment, operating and production cost are shown in the figures below (6.3, 6.4 and 6.5). It 
has been concluded that capital investment increase with the increase in pyrolysis plant capacity, but 
operating costs will become constant after a certain plant capacity. While production costs per gallon of 
bio oil decreases with the increase in pyrolysis plant capacity. 

 

Figure  6.3: Change in capital investment with plant size                                   Figure  6.4: Change in operating costs with plant size 
   

 

 

 

 

 

 

 

Figure  6.5: Change in production costs with plant size 

 Limitation of the study 

The fast pyrolysis process is continuous and there must be some accumulation of products and reactants 
in the reactor. But this was neglected in the calculations. The mass of recycled gas was also neglected. It 
must also be noted that above calculation did not allocate the separate heat recovery calculations 
instead just estimated the total heat that can be recovered. When we will calculate the separate 
estimations+ for steam turbine and combustion the total amount will be changed due to efficiency of 
turbines and boilers etc. So the heat obtained is quite large than the heat required for pyrolysis and 
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CONCLUSION AND DISCUSSION 

dryer. This extra heat can be used for other purposes or we can save the extra syngas for further 
processing.  

Due to the requirement of fine size of wood for fast pyrolysis the final bio oil contains fine particles of 
char which is an important obstacle for the final use of bio oil. However, research is being carried out 
and processes are being developed to improve the quality of Bio oil. Hot filtration is one way to remove 
char from the bio oil. To make bio oil miscible with other petroleum funnels, emulsifying agents are also 
being developed.   

Current challenges and future recommendations 

The calculations need to be verified experimentally on a pilot scale plant in the laboratory and through 
simulation. Although a lot of studies have been conducted on pyrolysis economy but most of those were 
limited in demonstration or pilot scale production. Detail economical assessment of industrial scale 
pyrolysis plant may be required to establish pyrolysis technology as a competitor with conventional 
energy and other alternative energy sources. 

In both the feedstock and product arenas, bio-energy operates in competition with other applications 
and products. Cultivation of bio energy feedstock (in this case wood) competes with the growth of food 
crops, and, to a lesser extent, with material crops. In Europe, the influence of agricultural policies on the 
success of bio-energy growth will be huge. The consensus or estimation of different studies shows that 
biofuels cannot be produced cheaper than their fossil alternatives within the next 15-20 years. Long-
term incentives are needed in the form of tax regulations. The benefits of bio-energy should be taken 
into account, and be given a monetary value. Lot of research is carried out and still going on for 
developing pyrolysis process but the most difficult challenges facing governments and industries is how 
to manage the transition from R&D to industry-led commercialization. Much technical development fails 
because of the inability to make this transition. The general opinion is that stake holders and the public 
should not expect the demonstration plants to produce synthetic biofuels at a price competitive with 
fossil fuels. 

For proper utilization of pyrolysis bio-oil modifications of engine, turbine and boiler combustion systems 
are required considering the effect of physical and chemical properties, gaseous and particle emissions, 
combustion efficiency, slag and carbon deposition and component material corrosion. 

Along with pyrolysis technology, proper biomass selection is also a critical issue to achieve high bio-oil 
yields. Biomass with high cellulose content could be chosen, as bio-oils are mainly derived from it. In 
addition, biomass with low water content is desirable to reduce drying costs and improve oil quality. 
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