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The main goal of this work is to clarify the idea of two thermochemical conversion processes of 

biomass - pyrolysis and torrefaction and to identify possible ways how and where exactly these 

processes can be integrated.  

Integration into CHP power plant process was chosen as one of the most promising ways. 

Multiple product development was determined by means of this integration concept. The 

analysis of the possible pros and cons was made based on some experimental data collected from 

the previous studies related to the topic of my work. In addition, one real integrated case was 

represented in the last part of the work. Finally, to highlight the main idea brief summarizing was 

done.  
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1. INTRODUCTION 

In modern society, the use of bioenergy plays an extremely important role. As we all know, 

demand for this kind of energy is growing day by day.  Considering the political effort 

throughout Europe and on a world scale, to increase the utilization of bioenergy ( for instance, 

biomass action plan, biofuels directive and the proposal for a RES-directive, biomass action plan 

[1]), it is significant to carry out profound systematic and strategic investigations about possible 

innovations together with long-term developments in the bioenergy field.  

Bioenergy refers to electricity and solid, liquid, or gaseous fuels derived from biomass [2]. In its 

turn, biomass is usually identified as the biological material derived from plant or animals as 

well as their residues and waste [3]. From biomass we can get different types of agro fuels, or, in 

other words - biofuels. They are known as the best way of reducing the emission of the 

greenhouse gases. Biofuels can also be looked upon as a way of energy security which stands as 

an alternative of fossil fuels that are limited in availability. Today, the use of biofuels has 

expanded throughout the globe. Some of the major producers and users of this type of fuel are 

Asia, Europe and America.  

Biofuels, like fossil fuels, come in a number of forms. They are suitable for a number of various 

energy needs. The class of biofuels is subdivided into two generations, each of which contains a 

number of different fuels. First generation biofuels are made from sugar, starch, or vegetable oil. 

They differ from second generation biofuels in that their feedstock (the plant or algal material 

from which they are produced) is not green or sustainable, or, if used in large quantity, would 

have a large influence on the food supply. First generation biofuels are, so to say, the “original” 

biofuels and constitute the majority of biofuels that currently used. Second generation biofuels 

are “greener” in that they are made from sustainable feedstock. In this use, the term sustainable 

is defined by the availability of the feedstock, the influence of its use on GHG emissions, its 

impact on biodiversity, and its impact on land use (food supply, water, etc.). This point illustrates 

that the majority of second generation fuels are under development and not widely available for 

use now[4].  

Different technologies are used to extract energy from second generation biofuels, e.g. 

thermochemical conversion often takes place. For the purpose of this work, two exact steps of 

the thermochemical conversion processes will be described in depth - pyrolysis and torrefaction. 

After the description, I would like to concentrate the attention on integration of biofuel 

production and to present several possible ways of how pyrolysis and torrefaction can be 

integrated. 
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 2. PYROLYSIS. DEFINITION OF THE PROCESS 

 

Pyrolysis [NL] (ca. 1890) n. Heating of a plastic or other material to temperature which cause 

decomposition and production of by‐products; the process is temperature dependent [5].  

In a wider consideration of the process, it can be said that pyrolysis is a thermal decomposition of 

organic material at elevated temperatures in the absence of oxygen. Pyrolysis typically occurs 

under pressure and at operating temperatures above 430°C (800°F). Depending on the thermal 

environment and the final temperature, pyrolysis will yield mainly biochar at low temperatures, 

less than 450°C, when the heating rate is quite slow, and mainly gases at high temperatures, 

greater than 800°C, with rapid heating rates. At an intermediate temperature and under relatively 

high heating rates, the main product is bio-oil. 

 

Fig. 1 Products from thermal biomass conversion [6] . 

 

Three products are always produced, however the proportions can be varied over a wide range 

by adjustment of the process parameters. Table 1 and Fig. 2 represent the product distribution 

gained from different modes of pyrolysis, indicating the considerable flexibility that can be 

achieved by changing process conditions.  

 

Tab. 1 Typical product weight yields (dry wood basis) obtained by different modes of pyrolysis of wood [6]. 
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Fig.2 Products spectrum of pyrolysis [6]. 

The nature and efficiency of the pyrolysis process is dependent on the particle size of feedstocks. 

Most of the pyrolysis technologies can only process small particles to a maximum of 2 mm., 

keeping in view the need for rapid heat transfer through the particle. The demand for small 

particle size means that the feedstock has to be size-reduced before being used for pyrolysis. 

2.1 Pyrolysis products 

2.1.1 Biochar 

Biochar as the by-product of biomass pyrolysis is of increasing interest nowadays because of 

concerns about climate change caused by emissions of carbon dioxide (CO2) and other 

greenhouse gases (GHG). Biochar is a stable charcoal of rich carbon produced by biomass 

pyrolysis under fully or partially anoxic conditions and at relatively low temperature. The carbon 

content of biomass char can be different as the pyrolysis temperature changes. Biochar has a 

high nutrient retention capacity, high surface area and high water retention capacity because of 

its porous structure. Therefore, this type of biofuel may be applied as a strong soil modifier. 

Applying this way, biochar will increase the water holding capacity of agricultural soil. In 

addition, the application of biochar is suitable for soil moisture and soil texture. However, further 

studies are needed to identify whether this can help balance fluctuations in water availability to 

plants. There are several ways for improving soil fertility with the help of biochar. First of all, 

biochar in the soil has a high nutrient retention capacity because it can increase soil cation 

exchange capacity to intensify cation adsorption, and improve pH of the soil. Furthermore, 

biochar profits for the growth of fungus and nitrogen-fixing microbial groups, improving soil 

fertility and enhancing crop yields. As a soil modifier, biochar makes soil more fertile, preserves 

cropland diversity, and decreases the need for some fertilizer and chemical inputs, that indirectly 

boosts food security and reduces pollution of the water. Application of biochar could not only 
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improve the physical and chemical properties of soil, and increase soil fertility, but also prevent 

the plant from uptaking of pollutants, adsorb heavy metals (such as arsenic, cadmium, etc.) and 

improve the general effect of environmental regeneration to a definite level. The effects on the 

bioavailability, mobility and toxicity of specific elements vary with the applying modifiers to 

multi-element polluted soils.  

Biochar can be also applied as a powerful tool for climate change mitigation (Fig.3). The carbon 

in biochar resists degradation and can hold carbon in soils for hundreds to thousands of years. In 

addition to creating a soil enhancer, sustainable biochar practices can produce oil and gas 

byproducts that can be used as fuel, providing clean, renewable energy. When the biochar is 

buried in the ground as a soil enhancer, the system can become ‘‘carbon negative.’’ Biochar and 

bioenergy co-production can help combat global climate change by displacing fossil fuel use and 

by capturing carbon in sustained soil carbon storages. In addition to saying above, it may also 

reduce emissions of nitrous oxide [7]. 

 

 

Fig.3 Schematic illustration the pyrolysis - biochar concept [8]. 

 

2.1.2 Bio - oil 

Bio-oil is also called pyrolysis oil, wood oil, wood distillates and liquid smoke etc., in the variety 

of  articles and reports. Bio-oil is a dark brown, smelly, high acidity and free flowing organic 

liquid, which produced from the decomposition and fragments of the main biomass components, 

such as cellulose, hemicelluloses and lignin. The complex and special physicochemical 

properties of bio-oil need careful characteristics of its and comprehensive review before any 

upgrading, applications, storage and utilization. 
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The most important issues of bio-oils as fuel are high viscosity, coking, corrosiveness, poor 

volatility and cold flow problems. Though these problems limit the utilization of bio-oils, it also 

has many applications, e.g. direct combustion in boilers or furnaces to provide heat or to 

generate electricity, and a good option for exchange for transported fuels after upgrading. Fig. 4 

shows some concepts of bio-oils applications, which can be divided into two groups: primary 

and high-grade applications. 

 

 

Fig.4 Applications of bio-oils from fast pyrolysis process [7]. 

 

Primary applications of bio-oils include heat and power generation and chemical separation. Bio-

oils direct combustion can supply residential or industrial heating. These types of heating have 

been under operations in many regions. As for power generation, the attention in this field should 

be paid that boilers, especially turbines and engines are specially designed to use bio-oils, rather 

than the conventional commercial engines. Organizations, testing bio-oil in engines are the 

following: Wartsila Diesel in Finland, Orenda in Canada and Onnrod Diesel in Great Britain. 

One of the variations in the turbine means changing the fuel system and nozzle to manage a 

higher flow rate. The efficiency of fuel atomization is also an issue because of the high viscosity 

of bio-oils. This kind of issue should be addressed to achieve complete combustion. All the 

changes in feed linings, fuel pump and the injection system give opportunities for applications 

for bio-oils to replace diesel, natural gas and other fossil fuels in the industrial equipment. 

 

When we are talking about chemical separation, it is important to mention that more than 400 

types of compounds have been recognized in bio-oils. Some enriched compounds, for instance, 

phenols and acetic acid can be separated by means of adding solvents into bio-oils.  
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High-grade applications of bio-oils are represented with hydrodeoxygenation or, in the other 

words, hydro-upgrading, catalytic steam reforming, catalytic cracking and with selective 

pyrolysis of biomass. These modern applications are effective for  production transported fuels, 

hydrogen, syngas and different enriched chemicals [7]. 

 

2.1.3 Synthesis gas (Syngas) 

Syngas basically consists of hydrogen (H2) and carbon monoxide (CO). It also contains small 

amount of carbon dioxide (CO2), nitrogen (N2), water, hydrocarbons such as CH4, C2H4, C2H6, 

ash, tar, etc., depending on biomass feedstock and pyrolysis conditions (Fig.5). 

 

 

Fig.5 Gas composition of pyrolysis of cotton stalks vs. pyrolysis temperature [9]. 

 

Syngas is a vital building block for the petrochemical industry. Produced from biomass pyrolysis, syngas  

is an important intermediate for synthesis of a great numbers of industrial products, for instance,  

ammonia synthesis and hydrocarbons, which using the Fischer- Tropsch synthesis. Syngas is also a raw 

material of methanol. Currently, syngas is mainly produced by gasification of coal, natural gas,  

and sometimes from heavy oil residues. Thus, maximization syngas yield from biomass will 

largely promote biomass utilization with high efficiency. Chemicals and, and so-called, bio-

automotive fuels can be produced from syngas of high-quality (mainly H2 and CO), which is 

obtained by thermochemical processes (with or without catalyst of wastes and biomass). This 

may be carried out energy environmentally and efficiently by integration with already existing 

forest and agricultural industries, energy industry or chemical industry (in a modern biorefinery 

concept). 

Syngas from pyrolysis of biomass can be a renewable alternative fuel for industrial combustion 

processes and internal combustion (IC) engines. Commercial petrol and diesel engines can be 
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easily converted to use gaseous fuel for the use of transportation, power generation and other 

applications. However, a big number of  commercial gaseous fuel IC engines were used between 

1901 and 1920. After then the trend refused because of the available liquid fuels, which are quite 

cheap. Recent interest has again developed IC engines, utilizing syngas, due to the emergence of 

the need for renewable fuel engines [9]. 

 

2.2 Types of Pyrolysis 

Depending on the operating conditions, pyrolysis can be classified into three main types: 

conventional (or slow), fast and flash pyrolysis. They are different in process temperature, solid 

residence time, heating rate, biomass particle size. However, relative distribution of products 

depends on pyrolysis type and pyrolysis operating parameters (Table 2).  

 

Tab. 2 Typical operating parameters and products of  pyrolysis process [9]. 

 

 

 

2.2.1 Slow Pyrolysis 

Slow pyrolysis has been used for thousands of years to increase char production at low heating 

rates and low temperatures. The vapour residence time in this process is too high (from 5 to 30 

min) and components in the vapour phase are keep on going to react with each other that results 

the formation of solid char and other liquids. However, this type of pyrolysis has some 

technological limitations that made it unlikely to be suitable for production a good quality bio-

oil. Cracking of the primary product in the slow pyrolysis process takes place because of the high 

residence time and can adversely affect bio-oil quality and yield. Moreover, long residence time 

and low heat transfer needs extra energy input. 

 

2.2.2 Fast Pyrolysis 

In the fast pyrolysis process, biomass is heated quite fast to a high temperature in the absence of 

oxygen. Commonly on a weight basis, fast pyrolysis produces 60%–75% of oily products (oil 

and other liquids) with 15%–25% of solids (mainly biochar) and 10%–20% of gas, depending on 

the feedstock which is used. The production of liquids is typically provided from biomass at a 

high heating rate, low temperature and short residence time environment. The basic 
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characteristics of the fast pyrolysis are high heating rate and heat transfer, extremely short vapor 

residence time, fast cooling of vapors and aerosol for high bio-oil yield and accurate control of 

the reaction temperature. 

The technology of fast pyrolysis is getting more and more popular in production of liquid fuels 

and a wide range of special commodity chemicals. Liquid products can be economically and 

easily stored and transported, thus preventing the handling of solid biomass from utilization.  

 

 

Fig.6 Applications of pyrolysis liquids [10]. 

 

Fast-pyrolysis technology also has a great potential to produce a number of valuable chemicals 

that offer the attraction of higher added value than fuels. This technology can have quite low 

investment costs and high energy efficiency compared with other processes. Production of bio-

oil with the help of fast pyrolysis has received more attention in recent years because of the 

range of advantages, which are the following: 

 

 Renewable fuel for boilers, turbines, engines and  power generation; 

 Transportability and storability of liquid fuels; 

 Neutral CO2 balance; 

 Low cost; 

  Utilization of second generation bio-oil feed stocks and waste materials such as forest 

residues, industrial and municipal wastes, etc.;  

 High energy density compared with  atmospheric biomass gasification fuel gases; 

 Secondary conversion to motor fuels or special chemicals; 
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 Opportunity for separating minerals on the site of liquid fuel production to be recycled in 

the soil as a nutrient; 

  Primary separation of the lignin and sugar fractions in biomass with further 

modernization. 

 

2.2.3 Flash Pyrolysis 

The flash pyrolysis technology seems to be promised for the production of solid, liquid and 

gaseous fuels from biomass that can be achieved up to 75% of bio-oil yield. This technology can 

be described by fast devolatilization in an inert atmosphere, particles high heating rate, high 

reaction temperatures between 450°C and 1000°C and extremely short gas residence time (less 

than 1 s). However, this type of pyrolysis has some technological disadvantages, that is why it is 

not that popular as other types of pyrolysis. The main disadvantages are the following: poor 

thermal stability and corrosiveness of the oil, solid particles in the oil, enhancing of the viscosity 

over time by catalytic action of char and production of pyrolysis water. 

 

2.2.4 Ablative Pyrolysis 

Ablative pyrolysis has a significantly different concept with comparison to other concepts of fast 

pyrolysis. All the other concepts expect the limited rate of reaction by the rate of heat transfer, 

through the particles of biomass. This is the main reason why small size particles are preferable. 

The regime of ablative pyrolysis reaction has something in common with a melting butter in a 

frying pan: the rate of melting process can be substantially increased when we press the butter 

down and trying to move it over the pan surface which is heated enough. Ablative pyrolysis 

provides heat transferring from the wall of the hot reactor to the so-called ''melting'' wood that is 

in a contact with it under pressure. The molten layer converts into a product with similar 

characteristics as that one prepared in fluid bed systems, while the wood is moved away. 

Thereby, the pyrolysis face moves in one direction through the biomass particle. As it was 

already mentioned, the wood is mechanically moved away and the residual oil film can provide a  

lubrication for biomass particles this way. It can also evaporate quite fast to give pyrolysis 

vapors for collection in the same way as other processes. There is a cracking element existed on 

the hot surface from the char that is also settled. The rate of the reaction very depends on the 

pressure of the wood on the heated surface as well as on the relative velocity of the heat 

exchange surface and the wood. It is also influenced by the temperature of the reactor surface. 

Therefore, the key properties of ablative pyrolysis are classified as following: 
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 high pressure of the particle on the  hot wall of the reactor that is reached by centrifugal 

force in the NREL concept, USA (however, it is not under operating anymore) or 

mechanically at Aston University, UK, as it is mentioned below; 

 temperature of the reactor wall is less than 600°C; 

 quite high relative motion between the reactor wall and particles. 

 

In fact, the reaction rates are not limited by means of the heat transfer through the particles  of 

biomass. As a result, particles with larger size can be used and, as a matter of principle, there is 

no upper limit to the size that is in progress. The process is limited by the rate of the reactor heat 

supply rather than the rate of the heat absorption by the biomass, that is pyrolysing, as it happens 

in other reactors. As the inert gas has not any special requirements, the processing equipment can 

be smaller in size. The reaction system is more intensive this way. Additionally, the absence of 

fluidizing gas significantly enhances the partial pressure of the condensable vapors, pointing to 

the collection that is much more efficient and to the equipment of smaller sizes. Nevertheless, the 

process is controlled the area of the surface, so that, scaling is less effective and the reactor is 

driven mechanically. So, the whole process is more complex this way [6].  

 

As it was mentioned before, Aston University has already developed an ablative plate reactor 

that has motion and pressure determined mechanically and eliminating the need for a carrier gas. 

Liquid yields of 70-75 wt% on dry-feed basis are basically achieved. As it is shown on the 

Figure 7, a second generation reactor has been built quite recently, put into operation and has 

been patented. 

 

 

Fig.7 Aston University Mark 2 ablative fast pyrolysis reactor [6]. 
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2.3 Types of pyrolyzers 

Excluding the influence of biomass feedstocks, the reactor types are the major factor exactly 

defined the yield and bio-oils physicochemical features. The achievement of fast pyrolysis 

technology is the reactors development. Different kinds of reactors have been investigated during 

the last two decades. It was done with one definite target - to meet the rapid heat transfer 

requirements. The major highlights of the important reactors that are at the disposal for making 

pyrolysis technology more commercialized will be presented below. 

 

2.3.1 Bubbling Fluidized Bed reactors (BFB reactors) 

Bubbling fluidized bed reactors (BFB) are typically used for bio-oil production of biomass 

pyrolysis process. They are quite simple in construction, operation and even can be scaled-up, 

providing an appropriate temperature control and efficient heat transfer to the particles of 

biomass because of the high solids density that take place all the time. Suitable heating process 

can be obtained in a numerous ways such as: hot tubes, hot wall, hot insert gases, hot sand or hot 

fluidizing gas etc. Though, heat transfer to bed at large scales operation has to be managed  very 

careful due to the limitations of the scaling-up of the variety of heat transfer methods. The main 

property of the fast pyrolysis process is the need to separate the by-product char from the vapors 

as completely and fast as possible. This has to be done because the char is a vapor cracking 

catalyst and it can fundamentally decrease the bio-oil yields. The effective and rapid separation 

of char is usually obtained by entrainment and ejection followed by separation in one or even 

more cyclones. That is why careful design of sand and biomass or char hydrodynamics is a 

crucial moment. Fluidized bed reactors are available to provide stable performance with high 

liquid yields of usually 70–75 wt% from wood on a dry feed basis. It may be achieved when size 

of the biomass particle is less than 2–3 mm. Thus, fluidized bed reactors are typically in use  for 

bio-oil production. It is shown in the academic researches in Aston University, in the Waterloo 

laboratory, National Renewable Energy Laboratory (NREL) and Leeds University. It is 

remarkable to say, that recently quite low bio-oil yields (about 50–55 wt%) are achieved in the 

same type of reactors. The detailed difference in configuration of reactors is one of the reasons. 

However, the main reason can be induced by the difference between the efficiencies of blow-out 

coolers. As we can see, the appropriate efficiencies of condensation devices play a significant 

role to further improvement of the reactors. 

 

2.3.2 Circulating Fluidized Bed reactors (CFB reactors) 

Circulating fluid bed (CFB) is similar with many of the properties with BFB reactor. The 

exception includes the fact that the residence time for the char is almost the same to it for gas and 
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vapors. The main of the pros of this type of reactor is that it is suitable for very large 

productivity. It takes place even if the heat transfer regimes are not recognized and the 

hydrodynamics are complex. The cons are associated with the separation of the threadbare char 

particles from pyrolysis vapors and attentive control of integrated char combustion reactor that is 

close to guarantee the heat flow and the temperature match the feed and process requirements. 

Heat supply basically consists of the recycled heated sand through 80% conduction, 19% gas-

solid convective transfer, and 1% of radiation. Their heat transfer rates are not as high as 

fluidized beds. It is obviously affected by the sand or biomass ratio. Additionally, impurities 

imported impurities from the hot char or acceded in recycled sand are generally composed of 

alkali metals. These kind of metals reduces the liquid product yield, enhances the char yield and 

has a good potential to improve the thermal stability of bio-oils. 

 

2.3.3 Ablative Pyrolysis Reactor 

This type of reactor has different concept compared to the other reactors. The temperature of the 

wall in this reactor has to be limited to a maximum 625°C to provide the generation of a liquid 

film between the wall and the particles that eventually vaporizes and leaves the reactor. These 

frames of temperature would be also useful to avoid serious coke deposition at the wall. The 

reactions in ablative pyrolysis reactor are limited by means of heat supply rate to the reactor 

rather than heat transfer rate to the particles. It is significant to mention that large feed sizes can  

be used without any requirement for fluidizing gas. Typically, the ablative reactors are intensive 

and small but hard to economic scale up. The original design capacity of the vortex reactor in 

NREL is 50 kg/h biomass, however the maximum actual throughput is considered to be 36 kg/h. 

Nowadays the focus of the ablative reactors development is on the improvements of the quality 

of bio-oil rather than on current reactor capacity. One of few researches concerning reactor 

configuration is the comparative analysis of the contact ablative pyrolysis and radiant ablative 

pyrolysis, based on the values of ablation velocity and thickness. One of the crucial part is 

related to the product fractions and compositions to represent their basic pros and cons. 

 

2.3.4 Vacuum Pyrolysis Reactor 

To tell the truth, vacuum pyrolysis reactor is not a real fast pyrolysis due to the heat transfer rate 

both to and through the solid biomass is much slower than reached in other reactors and the solid 

residence time is extremely high. This type of reactor can produce larger biomass particles than 

most fast pyrolysis reactors. These particles decompose into primary fragments heated in the 

reactor and after that quickly vaporize under decreased pressure. The features of rapid 

volatilization and no carrier gas of vacuum pyrolysis directly lead to a less content of char 
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particles in liquid product because of the lower gas speeds. The pilot vacuum reactor was used to 

generate bio-oil and observe the characteristics of bio-oils from hardwood and softwood. This 

reactor has continuous feed rate of about 15 kg/h, operated at 500°C under 15 kPa. Liquid yields 

of 45 wt% and 53 wt% on dry feed were achieved from hardwood and softwood with higher 

yields of char than fast pyrolysis systems typically have. However, there are no successful large 

throughput demonstrations accepted by vacuum pyrolysis technologies because of the tough 

mechanics and low  heat-mass transfer rates. 

 

2.3.5 Rotating Cone Pyrolyzer 

The rotating cone pyrolyzer was developed by Twente University and demonstrated by Biomass 

technology group (BTG) of the Netherlands in the 1990s. The main concept of this reactor type 

is that biomass particles are usually fed into the rotor which is installed at the base of the heated 

rotating cone together with an excess flux of the inert materials such as sand and carrier gas or a 

few catalytic particles. Next step takes place when  all of these flung on the heated surface to be 

pyrolyzed during spiral transportation upward along the hot cone wall. Generated sand and char 

follow into a fluid bed near the cone. Further, they are lifted to a separate fluid bed combustor, in 

which char is burned for heating the sand used as the recycled heat-transfer carrier. The reactor is  

compact enough, however the complex combined three subsystems such as: rotating cone 

reactor, fluid bed for char combustion and special riser for recycling the sand. So, it is quite 

tough to scale them up. 

 

2.3.6 Auger Reactor 

Auger pyrolysis reactor is considered to be quite new pyrolysis technology in comparison with 

other pyrolysis concepts. The main properties are the following: it is compact and it does not 

need carrier gas and it may continuously decompose biomass at low temperature of about 400°C. 

These reactors are utilized for feedstocks transportation through an oxygen-free cylindrical 

heated tube. Hot sand plays a role of a heat transfer carrier that can enhance the heat supply from 

auger reactor. Heated particles start to decompose and volatilize with following separation of the 

vapors and char. Thus, this design can guarantee the reduction of energy costs. Moreover, the 

residence time of the vapor can be transfigured by increasing the length of the heated zone [7]. 
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3. TORREFACTION. DEFINITION OF THE PROCESS 

Torrefaction process of biomass can be briefly described as a mild form of pyrolysis at 

temperatures which are usually ranging in frames from 200 to 320°C. During the process, the 

features of biomass are changed to achieve much better quality of the fuel for combustion and 

gasification procedures. Torrefaction that is combined with densification causes to a very energy 

dense fuel medium of 20–25 GJ/ton.  

 

Another description of torrefaction is a thermochemical treatment of biomass. It is implemented 

under atmospheric conditions and in the complete absence of oxygen. During the torrefaction, 

the water from the biomass as well as superfluous volatiles are removed. The biopolymers such 

as lignin, cellulose and hemicellulose partially decompose, emitting different types of volatiles. 

The remaining dry, solid and blackened material is the final product of the process. It is called as 

''torrefied biomass'' or ''bio-coal''.  

 

The biomass loses usually 20% of its mass (dry bone basis) during the process of torrefaction, 

while only 10% of the content of energy in the biomass is lost. That energy (or, the volatiles, in 

the other words) may be utilized as a heating fuel for the torrefaction process. After the biomass 

is torrefied it can be impacted. Using conventional densification equipment it can be basically 

transformed into the pellets or special briquettes for further improving the hydrophobic 

properties of the material and for enhancing its density. Regarding food and brewing products, 

torrefaction happens when a cereal (e.g. oats, barley, maize, wheat) is cooked at a high 

temperature for the gelation mode of the starchy endosperm providing the expansion of the grain 

and making a lush appearance. After these transformations, the cereal can be used flaked or 

whole. If we are talking about brewing, the use of small quantities of barley or wheat after the 

torrefaction process in the mashing technology assists in head retention and clings to the glass. In 

addition, torrefied cereals are basically much less expensive than the same amounts of malted 

products. Torrefied and impacted biomass has several pros which make it a competitive concept 

in comparison to wood (conventional biomass) pellets. The advantages are the following: 

 

 more homogeneous composition; 

 energy density of 18–20 GJ/m3 in comparison to 10–11 GJ/m3 motivating a 40–50% of 

decreasing in transportation costs; 

 higher energy density. 
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Fig.8 Torrefied biomass samples (a: light brown, b: dark brown, c: black) [15]. 

 

Torrefied biomass may be produced from a numerous amount of raw biomass feedstocks while 

yielding quite similar features of the product. The main factor for this is that almost all biomass 

is built from the same polymers (in other words, lignocelluloses). Normally (woody and herbal) 

biomass contains three major polymeric structures, such as: cellulose, hemicellulose and lignin. 

These structures are called lignocelluloses. Torrefaction of biomass causes to improved 

grindability of biomass. In its turn, it may lead to more efficient co-firing in existing coal-fired 

power plants. It may also provide an entrained-flow gasification for the production of 

transportation fuels and chemicals [14]. 

 

3.1 Process stages 

The whole torrefaction process can be separated into several stages, such as: heating, drying, 

torrefaction and cooling. Five main stages that have been defined in the total torrefaction process 

are the following: 

 

 Initial heating: the biomass is initially heated till the next step which includes drying of 

the biomass. In this stage, the temperature is increased and at the very end of this stage 

moisture starts evaporating. 

 Pre-drying: free water is evaporated at a temperature of 100°C from the biomass at a 

constant temperature. 

 Post-drying and intermediate heating: these two steps provide the increasing temperature 

of the biomass to 200°C. Physically bound water is released, while the resistance against 

mass and heat transfer is within the biomass particles. In this stage some mass loss can 

take place while the  light fractions might be evaporated. 

  Torrefaction: this stage expects the optimal process. The torrefaction will begin when the 

temperature will achieve  200°C. The stage will end when the process is again cooled 

down from the definite temperature to 200°C. Temperature of the torrefaction is 
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determined as the maximum constant temperature. During this period most of the mass 

loss from the biomass takes place. 

 Solids cooling: the product, that is already torrefied, is further cooled below 200°C to the 

preferable final temperature. The room temperature means under the preferable 

temperature [11]. 

 

3.2 Characteristics of biomass suitable for torrefaction 

Not every source of biomass is appropriate as a feedstock for torrefaction process. In addition to 

suitability of biomass, the torrefaction technology has to lead to significant improvements in 

physical properties of the biomass to afford new applications.  

 

3.2.1 Physical and chemical characteristics of biomass  

Clean and dry lignocellulosic biomass resources that contain significant fractions of cellulose, 

hemicellulose and lignin as well are appropriate for torrefaction. These materials become more 

compatible with existing pulverized coal fired power plants. On the other hand, the type of the 

biomass such as meat and bone meal has good grindability characterization and high calorific 

values. Therefore, they can be cofired to substantial co-firing ratios even without torrefaction. 

So, it is seen, that they are less interesting for torrefaction.  

 

The chemical consistency of the biomass material is also a crucial moment for the review "in 

depth". Due to the relatively low temperature of the torrefaction, most critical chemical fuel 

components such as chloride, sulphur, alkali metals, heavy metals, nitrogen and ash remain after 

the torrefaction process in the fuel. This factor makes clean biomass feedstocks an attractive 

option for the near future. 

 

Besides the chemical composition, the physical characteristics of the biomass are the key 

moments in the evaluation of the potential for torrefaction. Because of the options that are 

limited for internal transportation and loading inside the reactor, a low bulk biomass density (< 

100 kg/m3), which has straw and grass, influences in the negative clue the economic and 

technical feasibility. Additionally, small and light biomass particles have a definite risk of being 

entrained with the flux of volatiles which are released and removed from the reactor rather than 

being converted to the wanted solid product. The block in the pneumatic conveyors and feeding 

screws from the retentive biomass might implement another issue.  
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Generally speaking, it can be stated that processing bulky biomass resources with the available 

torrefaction technologies is currently limited due to the different technical and economical 

reasons. However, these reasons are not fundamental. Moreover, it can be expected that if such 

resources are at the disposal at low prices, torrefaction technologies can be adapted in the right 

way to permit techno-economic operation on these resources.  When we are pelletising such 

biomass resources in advance, it can solve the feeding problems for torrefaction. However, 

depending on the level of torrefaction, torrefied regular pellets have a much lower durability and 

density than the regular pellets which were not been treated. 

 

3.2.2 Torrefaction technology technical specifications for biomass 

Wet biomass such as animal litter and sludges are not definitely appropriate for torrefaction 

process. First of all, they has to be dehydrated from approximately 75% down to 15-40% of the 

moisture content. This may need an extra phase of solids drying that can easily lead to the 

additional costs. It should be noticed the Netherlands company called ECN is currently 

conducting research on a new technology ''TorWash''. In this modern technology contaminated 

and wet biomass is torrefied in a single pressurized process in water.  Water soluble salts are 

extra washed out in the process. As a result, the product contains less of these components. After 

the torrefaction stage, water is mechanically removed from the torrefied biomass down to about 

40% of moisture content. Though this torrefaction process has a potential interest for the 

utilization with the wet biomass types, the process is still in its very beginning and not yet either 

technically or financially visible. A significant issue is that the remaining moisture content in the 

torrefied biomass after the process has to be removed. Solving with the effluents from this 

process is one more obstacle to deal with. Another wet torrefaction technology is called 

hydrothermal carbonisation (HTC). It is being developed by Desert Research Institute with a 

huge support from Gas Technology Institute. 

 

The use of biomass as an energy medium is often quite expensive to compete with production of 

other high value goods such as paper and fibreboard. In inaccessible areas where a big amount of 

lignocellulosic biomass is grown in a long term, reliable security of biomass can be expected to a 

local facility with a low cost. The high transportation cost to the distant end users can be 

decreased through torrefaction and pelletisation technologies. Especially when we are assuming 

that in those areas adequate infrastructure takes place for harvesting, transporting and processing. 
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3.3 Torrefaction products 

Usually, three primary products are produced during the torrefaction of biomass. They are the following:  

a solid product of a brown/dark color;  condensable liquid including mainly moisture, acetic acid and 

other oxygenates;  non-condensable gases—mostly CO2, CO, and small amount of methane. The last two 

products can be described by volatiles. During torrefaction process. the raw material loses most part of its 

moisture and other volatiles that  have a low heat value. Big amount of works are based on the defining 

the gas composition from the standpoint of quantity and quality. The  amount and type of  gas came as 

off-gas during torrefaction process is dependent on the raw material type and the conditions of 

torrefaction. These conditions  represents the process temperature and residence time. A huge amount of 

the reaction products are formed during the process. The yield of them is dependent on the  process 

conditions and on the features of biomass. A small overview of the torrefaction products is given by 

Figure 9. They are categorized based on their condition at a room temperature, so they can be gas, solid 

or liquid. The gas phase includes the gases considered as permanent ones and also light aromatic 

components such as toluene and benzene. The solid phase is built with chaotic structure of the original 

structures of sugar and products of the reaction. The liquid phase can have  three subgroups that include 

organics, water and lipids. The liquid also includes the free and bound water. This kind of water  has been 

evaporated from the biomass. The liquid form of organics subgroup consists of organics that are mostly 

got during devolatilization and carbonization. The lipids are a group of components which are represented  

in the normal biomass. To sum up, this subgroup also contains elements such as fatty acids and waxes. 

 

 

Fig.9 Products formed during torrefaction of biomass [12]. 
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3.4 Types of torrefaction reactors 

A great variety of the reactor technologies developed for different applications are currently 

transformed to carry out torrefaction. Several torrefaction technologies are able for dealing with 

feedstock with small particles e.g. sawdust. Other are capable of dealing with large particles. 

Only a few can manage a huge spectrum of sizes of particles. That is why the selection of 

technology has to be handled based on the feedstock characteristics or, as an alternative, the 

feedstock has to be pre-processed before torrefaction process. It can be done, using equipment to 

reduce the size, scalpers for managing with over-sized material or even sieves for extraction of 

of smaller particles. All of the factors mentioned above are affected the capital cost as well as the 

operating cost of a torrefaction plant.  

 

Table 3 contains a small overview of the most important reactor technologies and the companies 

involved. 

Tab.3 Overview of reactor technologies and some of the associated companies [13]. 

 

 

 

The most significant technologies of the reactors are presented below in brief. 

 

3.4.1 Screw type reactors 

This type of reactor is a continuous one, which consists of one or more auger screws that provide 

a  transportation of the biomass through the reactor. The screw type reactor technology can be 

supposed as a proven one and can be placed both vertically or horizontally. This reactor is often 

heated indirectly using a carrier inside the hollow screw or the hollow wall. On the other hand, 

there are plenty of variations of the reactor concept in which heat is applied directly e.g. using a 

twin screw system. A drawback of indirect heating in  screw reactors is the stratum of char on 

the hot zones. The additional heat in a screw reactor is limited of the rate due to the limited 
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biomass mixing. The length of stay inside the reactor is defined by the length and rotational 

velocity of the screw. This reactor has quite low cost. However, the scaling up is limited as the 

ratio of screw surface area to reactor volume reduces for larger reactors. Finally, there are 

reactors constructions with highly efficient agitation for improving transferring of the heat that 

makes large screw reactors extremely efficient. 

 

 

Fig.10 Auger screw type reactor [13]. 

3.4.2 Rotating drum 

The rotating drum is also called a continuous reactor and can be considered as a proven 

technology for the variety of applications. Regarding applications in torrefaction process, the 

biomass in the reactor can be both directly and indirectly heated with the use of superheated 

steam of flue gas that is a result from the combustion of volatiles. The torrefaction process has a 

special security mechanism with varying rotational velocity, the torrefaction temperature, angle 

and length of the drum. The rotation of the drum leads particles in the bed to mix carefully and to 

exchange heat. On the other hand, the friction on the wall also enhances the fine fraction. 

Rotating drums have a restrictions in scaling-up rules, thus higher capacities are in need of the 

modular setup. 

 

 

Fig.11 Rotating drum reactor [13]. 
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3.4.3 Torbed reactor 

The Torbed reactor can be admitted as a proven technology for a variety of applications, like 

Rotating drum technology. This type of reactor can be suitable even for combustion process. 

Periodic type and continuously operated Torbed reactors with a diameter from 5 to 7 meters have 

already been built. However, in recent years, torrefaction in a Torbed technology was 

demonstrated only periodic type on very small scale (2 kg/h) but it still has a great perspectives 

for a continuously operated types. 

 

In this type of the reactor, a heat carrying medium is blown from the bottom of the bed with high 

speed (50 - 80 m/s) beside stationary, angled blades. It gives the particles of the biomass inside 

the reactor both - a vertical and horizontal movements, as a result of toroidal swirls that can heat 

the biomass particles very fast on the external walls of the reactor. The intense heat transfer 

allows to provide torrefaction with short residence times (80 sec). This results in quite small 

reactor sizes. The intense heat transfer may also be used for the operation of the reactor in a 

controlled way at relatively high temperatures (up to 380ºC), resulting in higher loss of volatiles. 

All the aspects mentioned above afford a flexibility for the technology in preparing product for 

various end use markets. Nevertheless, the process is definitely sensitive to the variation in size 

of the feedstock particles. 

 

 

Fig.12 Torbed rector [13]. 
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3.4.4 Moving compact bed 

This type of reactor consists of an included reactor vessel, in which the biomass enters from the 

top and moves down gradually until the torrefaction takes place as a result of a heat carrying 

gaseous medium. The moving compact bed, despite its name, does not involved any moving 

parts. At the bottom of the reactor, the product of torrefaction moves away from the reactor and 

is cooled down. At the reactor top, products of the gaseous reaction (volatiles) are removed. The 

torrefaction process conditions are quite similar to the other technologies (e.g. process 

temperature is about 300ºC and the residence time is around 30 - 40 minutes). Because of the 

absence of the correct mixing of biomass particles, there is a risk of channeling of the heat 

carrying medium through the bed. This causes to a non-uniform product at the bottom of the 

reactor. Although this effect has not yet been investigated at a 100 kg/h test reactor, the risk is 

visible for larger capacities. 

 

The degree of filling of this reactor is high enough in comparison, for instance, to the Torbed 

design. It takes place since the full reactor volume is utilized for the process. The pressure drop 

over the bed is quite high, especially when relatively small (<5 mm) biomass particles are in the 

process. Eventually, the restriction of the technology is a potential development of so-called 

vertical ''tunnels'' leading un-even heat treatment throughout the diameter of the reactor, resulting 

the variation of  size of the feedstock particles. 

 

 

Fig.13 Moving compact bed [13]. 
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3.4.5 Multiple Hearth Furnace (MHF) or Herreshoff oven 

MHF is a continuous reactor that consists of multiple layers. It has been approved for different 

applications. Every individual layer has a single phase in the torrefaction process. The 

temperature enhances gradually (from 220ºC to 300ºC) over the layer. Biomass enters from the  

reactor top on a plate, located horizontally and is pushed mechanically to the inner area of the 

reactor. After that it falls down through a hole in the plate on a second plate. There biomass is 

pushed mechanically to the external side, where it falls through another hole and so on. The 

process is repeated over these layers, leading gradual heating and uniform mixing. Heat is 

directly employed for individual reactor layer, using internal gas burners and injection of the 

steam. In the reactor layers, located on the very top, the used biomass first dries and afterwards, 

in the lower layers torrefaction occurs. This type of reactor can be scaled up to a diameter from 7 

to 8 meter, resulting in relatively low special investments (usually expressed in EUR per ton/h of 

product) for large scales. The burners may utilize natural gas or suspension burners for wood 

dust from the feedstock. However, the utilization of natural gas for generation of the sweep gas 

through the reactor implements to the moisture level and thus to the moisture content of the 

torrefied material. This may not be straightly negative as moisture improves the durability of the 

pellets after extrusion. Several producers input moisture in the torrefied material before the 

pelletizing phase. Nevertheless, natural gas is a fossil fuel and has a direct effect on the 

greenhouse gas balance for the final torrefied biofuel.  

 

 

Fig. 14 Multiple Hearth Furnace (MHF) [13]. 
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3.4.6 Belt dryer 

The belt dryer can be shown as a proven technology for applications with drying biomass. As  a 

transportation of biomass particles is taken place using a moving belt with kind of pores, the 

particles directly heated with a use of a hot gaseous medium. In such a reactor type there are 

multiple belts placed on a top of one another. When biomass particles fall from one belt on the 

another one, the mixing process of the particles is happened. With a control of a belt velocity, the 

residence time for all particles can be precisely controlled inside the reactor. This type of the 

reactor can be called as a perfect plug flow reactor. It may happen in contrast to some other 

reactor concepts in which it might be significant spread in residence time that may cause to 

either burned particles or not yet carefully torrefied particles from the same reactor. 

 

The main drawback of the belt dryer is a potential plugging in the open structure of the belt. This 

plugging can be done with tars or small particles. Besides, the volume that limits the capacity 

makes the reactor less appropriate for biomass materials with low bulk densities. What is more, 

the options to control temperature inside the reactor are restricted since the process has an 

opportunity to be controlled only with the temperature of the gas that enters the reactor and the 

velocity of the belt. Though special investments in this reactor type are quite low, the 

requirements of the relatively huge space restrict the potential for scaling up. 

 

 

Fig.15 Belt dryer [13]. 
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3.4.7 Microwave reactor 

As an alternative option that can try to succeed in biomass torrefaction process is so-called 

microwave reactor that is using microwave energy. However, the main drawback of this reactor 

type is that electricity, needed for the microwave, which is complicated to generate with 

acceptable efficiencies from the torrefaction gas. This provides negative effect to the operational 

costs and energy efficiency. 
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4. OVERVIEW OF POSSIBLE WAYS FOR INTEGRATION 

In this chapter I would like to present an overview of possible ways that would be suitable to 

integrate such technologies as pyrolysis and torrefaction. One of the most feasible one is 

integration in power plant technology. 

 

First of all, it would be logical to take into account the fact that today there is a great variety of 

power plants. To classify them all better to define the basic categories. The principal differences 

between power plants are the following: type of working fuel, sort of main equipment, practical 

and theoretical fundamentals of a station processes. There are: thermal, condensing, nuclear, 

hydro stations. Likewise, there are plants which are working on bio-fuel and utilizing other 

renewable energy sources. This list could be filled out with big amount of other plants but, in my 

opinion, the above categories are the prevalent ones in the world. The modern energy industry 

constituted  by multiplicity of applied power capacity and sizes. 

 

Small power capacity and size plants are basically have a demand for domestic and private 

utilization, represented a range from less than 1 MW, till around 15 MW. Power plants which are 

bigger in capacity and size, are mostly used in industrial sector to implement resident needs. 

Such plants can easily reach around 1000 MW. When we are speaking about bioenergy sector, 

small scale plants are on the first place in using bio-fuel. Bio-fuel prices and properties, 

combustion methods as well as environmental requirements, have a significant background to 

achieve a very high level of the efficiency. However, bio-fuel power plants have a row of 

disadvantages like other different projects, for instance, biomass quite depends on the climate 

change. Because of its nature origin, biomass affected by sudden incidents that may take place.  

Other cons of this type of fuel include difficulties in storing, high transportation cost, under-

developing equipment and last but not least - low demand. These cons are well known, that 

indicate the possibility to solve them or, at least, to minimize them and to make a variety of 

successful projects. By the way, the profitability of bio-fuel production is directly depended of 

gasoline and diesel prices, which are fluctuate because of the high fossil's cost mutability. It is 

also important to mention that the profitability of the biomass fuel is directly dependent on  the 

gasoline, coal and natural gas world market and its prices. From my point of view, the current 

cost for fossil fuels is high enough to provide further global perspectives on bio-fuel market. 
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Fig.16 World's largest gasification power plant in Vaasa, Finland [16]. 

 

Fortunately, utilization of bio-fuel already enhances day by day and has a stable way to be 

widely integrated in bio-energy industry sector. All the facts, mentioned above, provided me an 

idea to review one of the possible way of integration pyrolysis and torrefaction technologies for 

multiple product development with the help of combined heat and power (CHP) plant. The basic 

thoughts why I chose exactly this kind of plant will be presented in the next two paragraphs. 

After that, I will give more information in the problem part of this work.   

 

 

4.1 CHP and pyrolysis 

The topic about sustainable power and heat generation is spreading the increasing importance 

and having international attention. Climate change and increasing awareness of environmental 

problems can be easily seen in renewable energy promotion and policies. Modern society is 

seeking to open out absolutely new and more environmentally friendly projects and technologies. 

Combined Heat and Power production or, so-called, cogeneration, is not only renewable and 

energy-efficient. In fact, it is also known as one of the most economically implementable 

technologies nowadays. 

 

It seems that the circumstances concerning cogeneration in Europe has never been more 

important. There are huge amount of studies related to the new renewable projects and ideas that 

could be integrated in CHP generation. All of them may have a long term future if Europe is to 

meet its climate change mitigation goals. Allocation of biomass utilization technologies in CHP 

field can make a feasible contribution to reduce harmful emissions. Using of renewable sources 

of energy is gaining the course to promote GHG reduction targets. 



35 
 

 

One more aspect of CHP production, making it such an enthusiastic field for study is primary 

energy efficiency. Cogeneration technology improves the efficiency significantly compared to 

the traditional heat and power production, that is making separately. This rule is working 

especially in Central and Eastern Europe where there are lots of opportunities in the CHP field. 

There is a tendency to convert large power plants into CHP units (that is mainly spread in 

Northern and in Western Europe). In spite of this, there is still a great potential to convert 

smaller, district heating plants into CHP simultaneously improving their efficiency and CO2 

together with other pollutants emission reduction. 

 

To my mind, integration of the pyrolysis process (especially fast one) into a CHP plant has an 

opportunity to provide new additional benefits for cogeneration field. For example, the thermo-

chemical process of decomposition of biomass is going to produce so-called pyrolytic oil. This 

kind of bio-oil is a valuable byproduct, can be generated from almost any type of biomass and, 

what is more, can be easily transported. Pyrolytic oil can be utilized for producing fuels and 

other important chemical substances. Another significant moment to integrate this advanced 

technology is studying it as a contribution to the local bio-refinery processes. The integration 

would not only implement to dispersed production by CHP technology (especially since 

biomass-based CHP plants started to service local needs) but can be useful for induration of 

biomass via pyrolysis process. 

 

Unfortunately, there are very few definitions of the integration concept in literature nowadays. 

From that ones where it is mentioned we can clearly recognize that the integration of pyrolysis 

process into CHP may provide new opportunities for this kind of power plant. The process of 

integration can improve the operation time of the CHP production that is making seasonally. 

That aspect may enhance the amount of benefits for the financial side of the sustainable 

cogeneration process. Another feasible advantage for the plant is that it could generate a bio-oil 

product. It is known as an independent one of the heat and power market, and of the other 

different end-products markets. 

 

Finally, the significant drivers to motivate the pyrolysis integration into CHP production can be 

identified as the following: 

 

 it may be useful to satisfy EU goals concerning generation of renewable energy sources 

in the short-term period; 
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 it may help to meet EU goals in CHP production; 

 it may implement to the climate change mitigation by reducing GHG emissions; 

 it has further perspectives in decreasing of the primary energy use; 

 it has a feasible potential of improving economic situation by means of improved 

economic performance of combined heat and power technology and integrated pyrolysis 

process; 

  it may help in contribution of more efficient deficient biomass utilization; 

 it may be useful for improving the Biomass-To-Liquid (BTL) scheme for transportation 

fuels in the near future by means of implementation of basic bio-refinery process in local 

market politics; 

 it may intensify a small scale biomass-based CHP in the global market in consequence of 

increasing of security supply issues and well-distributed generation; 

 district heating systems may get lower heat loading that could be compensated by 

displacement the available capacity to the new process; 

 the prices of the biomass may expect a tendency to increase because of the highly 

enhancing biofuel production and this may lead to the danger of the biomass-based 

cogeneration production economy - by producing absolutely new platform product the 

CHP plants could profit from the new market opportunities. 

 

To sum up, the very final aspect to motivate the pyrolysis integration is more than visible - in all 

of the cases, it would be beneficial to investigate technologies that have a great perspective to 

save the environment of our planet. 

 

4.2 CHP and torrefaction 

For torrefaction technology there are a large number of possible ways suitable for integration. In 

theory, any way with excess heat at proper specifications is possible to take place and it is 

important that each side can be shown individually by means of appropriate model. However, it 

is better to classify the potential torrefaction ways into a few basic groups as represented in 

Figure 17. The different ways are mainly identified as exporters of the produced torrefied 

material  but could be importers as well or even combination of the two. 
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Fig.17 Overview of torrefaction system integration [17]. 

 

In this part I would like to make a short review not only about integration with combined heat 

and power plants but also about other several applications of torrefied biomass and torrefaction 

technology in general. 

 

Integration of torrefaction in CHP power plant increases the electricity output and decreases the 

solid fuel input when low-value heat is highly available, especially in the summertime. This kind  

of system has most likely full energy integration, however the general level of the integration is 

determined as highly specific. If a new integrated CHP plant is invested enough, the boiler can 

be fueled with torrefied biomass as a preferable one because of the reduction in the investment 

costs of powder-flamed boilers. Further description of the integration of torrefaction process in 

CHP production is to be shown in problem part of the work. 

 

4.3 Other feasible ways of torrefied biomass application 

4.3.1 Bio-refinery technology 

One of the prospect end-users for the torrefied biomass is a gasification unit in a bio-refinery 

technology. This kind of modern technologies has a big amount of available excess heat from 

other processes in the refinement chain. It is expected a full integration of material and energy 

flows. 

 

4.3.2 Industry sector 

When we are talking about integration in the sector of industry, any arbitrary industrial side with 

availability of the excess heat could be an appropriate location for a torrefaction unit. The usage 
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of the torrefaction gas depends on the industry. It could be investigated and decided if co-

combustion is a suitable option or not. It is also possible to reach a full integration where the 

torrefied material is used by the industry. 

 

Other feasible ways for torrefied biomass application are the following: co-firing with coal in 

cement kilns or in pulverised coal fired power plants, initiated combustion in small scale burners 

for pellets and special kind of gasification process in entrained flow gasifiers, normally operated 

on pulverized coal. However, for all of the applications above several issues remain to be solved. 

 

Tab.4 Potential application for torrefied biomass [13]. 

 

 

 

4.3.3 Co - firing in pulverized coal (PC) fired power plants 

The pros of torrefaction technology are particularly identified for the utilization in old and 

existing pulverized coal (PC) fired power plants. Since these power plants have not been planned 

to use biomass co-firing originally, significant part of the capital costs can be saved for 

amending of the plant when we use for co-firing torrefied product instead of common wood 

pellets. This is especially the case for torrefied clean biomass sources such as clean wood that 

basically meets the restrictions of existing environmental permits of the PC fired plant. 

 

The combustion process of torrefied biomass such as roadside grass, waste wood and solid 

refused fuel (SRF) usually needs to be done with quite strict environmental requirements 

compared to the normal mode for the clean biomass as a result of the European Waste 

Incineration Directive. Burning torrefied biomass produced from waste material needs to have   

strict frames of environmental operation mode and additional monitoring related to the harmful 
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emissions. Furthermore, combustion of these kind of fuels which can be identified as waste may 

dramatically enhance the operational problems, related to additional fouling, slagging or 

corrosion. In addition, it may negatively influence the quality of the ash that remains after the 

combustion process. Therefore, energy companies hesitate to co-fire such fuels nowadays and 

basically suppose to use clean biomass feedstock for torrefaction. This aspect may change in 

future if torrefied wastes represent significant price benefits and also prove to achieve the 

acceptable operational plant performance. 

 

New coal fired power plants that are currently stuck in the under - developing or construction 

phase are supposed to design for high co-firing ratios of lignocellulosic biomass. That one  

makes the financial profits of a torrefied biomass fuel with similar characteristics as the main 

fuel much less obvious.  

 

Nevertheless, even in new PC boilers torrefaction may lead to higher co-firing ratios than 

expected to have pure biomass co-firing. It is logical to be replaced because of the similarity in 

terms of the combustion and grindability. That is why the financial drivers for co-firing torrefied 

biomass are mostly defined by means of replacement market value of CO2 and the value of the 

coal. 

 

4.3.4 Gasification  

Quite good grindability, relatively low moisture content and attractive ratios of C, H, O 

components make torrefaction an attractive pre-treatment technology for gasification. For a 

gasifier that is using biomass, moisture contents and size of particles are critical factors for good 

operation. This usually leads to a relatively expensive biomass feedstock. Torrefied and 

pelletised biomass is already identical in size of particles and has a very low moisture content. 

This is the main reason why an extra cost of the fuel is less important for gasification alike for an 

industrial combustor where less expensive  biomass is typically used.  

 

Using torrefied biomass, gasification technology may potentially benefit from improved flow 

properties of the feedstock by increasing H2 and CO levels in the producing syngas. What is 

more, it may also  improve general process efficiencies. The grindability seems to be a positive 

aspect in the case of involved flow gasifier. Unfortunately, there is very few practical knowledge 

that is at the disposal for the limitations and any options of torrefied biomass appropriate for 

gasification. 
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4.3.5 Stand-alone torrefaction 

This special process is not integrated with another plant or industry. Stand-alone torrefaction is  

more likely fueled with the help of internal heat integration via combustion of the torrefaction 

gas or, if needed, the utilizing fuel. For this kind torrefaction, the biomass has to be pre-dried to a 

larger extent. The plant for the stand-alone process can be a permanent or mobile and can be 

located quite close to the biomass resource. 

 

Stand-alone torrefaction systems are usually based on a fluidised bed furnace or a grate furnace 

with a lack of pulverisers, typically presented in PC plants. This factor makes them much more 

flexible for the provided fuels in from the fuel characteristics point of view such as fuel particle 

size, grindability and physical appearance. There is hardly any reason for combining dedicated 

combustion with torrefaction. It takes place due to the amount of fuels that can be used in 

dedicated plants is mainly limited by the chemical composition that is not influenced by 

torrefaction process. 

 

The only exception may include the application of quite small scale pellet boilers basically used 

for space heating. In this case, parameters of the fuel logistics may be extremely improved by the 

increasing of a bulk energy density (Table 5 provides this information). It is appropriate 

especially in urban areas. One of the unknown issues here refers to the public perception because 

of the color and smell changes. 

 

Tab.5 Variety of fuels suitable for biomass co-firing [13]. 
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5. MULTIPLE PRODUCT DEVELOPMENT 

In previous part I made an overview for some possible ways of pyrolysis and torrefaction 

integration. There were integration of both of these processes in CHP technology and some more 

applications for torrefaction, such as: bio-refinery technology, industry sector, co-firing in 

pulverized coal (PC) fired power plants, gasification and stand-alone torrefaction technology. 

 

This part of my work is mainly concentrated on the following question: are there any visible 

benefits to develop multiple or, so-called, polygeneration products combining two or more of the 

technologies mentioned above?  

 

From my point of view, it is substantial to understand the main idea of such products. 

Polygeneration can be identified as the combined production of more than two manufactured 

energy products, that seek to take the most advantage of the maximum thermodynamic potential 

(or, in the other words, maximum thermodynamic efficiency) of the converted resources [21]. It 

is assumed as an attractive technology for energy utilization, that has a great potential and 

perspective solutions for improving systematic energy efficiency. Combined heat and power 

plants, which utilize biomass as a feedstock have been presented for many countries with 

plentiful resources of biomass because of its GHG neutral origin. Due to the periodic load 

vibration of common CHP plants, that takes place annually, the excess of generated heat can be 

used for other purposes, for instance: production of bioethanol, methanol and pellets, drying, 

cooling to form a polygeneration system with the aim of achieving higher economic values as 

well as energy efficiency. So, CHP plants with other processes integration introduces huge 

perspectives in terms of enhancing energy utilization efficiency, decreasing the GHG emissions 

and modifying or even replacing the conventional power plants[20]. 

 

5.1 CHP with integrated pyrolysis process 

CHP production suggests multiple options of process integration to increase its energy 

efficiency. Sweden is represented a successful example of integration of pellet production in 

conventional biomass CHP plant process. So, this way the part of the heat is utilized for biomass 

drying. 

 

The integration process of fast pyrolysis into cogeneration cycle may be done in several ways: 

 

 extract of heat from the hot medium within the boiler e.g. sand heated; 
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 extract of heat from the steam to heat up a heat medium that is utilized in the pyrolysis 

process; 

  extract of heat from the flue gases to heat up a heat medium that is utilized in the 

pyrolysis process. 

 

Nowadays, there is no estimation on the last two ways mentioned above. In some studies it is 

suggested to utilize the flue gases but this is still not proven technology. The first option is 

comparably more mature than the second and the third one, though this is a novel technology and 

still has lots of improvements to be done with it. Bed integration of the pyrolysis process 

includes two fluidized bed technologies: bubbling and circulating. In Europe, Finland takes a 

leading position in promising researches on CFB boiler with hot sand that is utilized for 

pyrolysis of biomass. The structure developed for this integration in one of the finnish research 

work can be seen in Figure 18 below. 

 

 

Fig.18  Pyrolysis process integrated with CFB boiler developed by Metso and Tampere University of Technology, 

Finland [19]. 

 

Metso (nowadays' name is Valmet Power) together with Fortum and Technical Research Center 

of Finland (VTT) has built the world’s first integrated pyrolysis plant located in Finland. That 

small pilot plant successfully generated bio-oil in few campaigns during 2009 and 2010 years. 

The processes and products of that plant will be represented further as a special case. 

 

A perspective technology for potential pyrolysis integration into a CHP plant is the pyrolysis 

slurry production by means of a twin screw pyrolysis. The process supposes to be easy and well 
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in implementation, fixing and control. Two other technologies are Bubbling Fluidized Bed 

(BFB) and Circulating Fluidized bed (CFB) concepts. Their comparison is shown in brief in 

Table 6. 

 

 

Tab.6  Fast pyrolysis with BFB and CFB - characteristics comparison [19]. 

 

 

 

 

In this part of my work I would like to present possible way of biomass fast pyrolysis (BFP) 

integration with a municipal finnish CHP plant. Influence of integration of the BFP process on a 

CHP plant's major parameters and its effect on the environmental and energetic performance of 

the connected district heating network (DHN) will be dicsussed. 

 

Lignocellulosic biomass in Finland is mostly utilized to generate heat and power, apart from its 

utilization in the wood industry as well as in the pulp and paper industry. Biomass-based 

combined heat and power production (or cogeneration) is an established and perspective 

technology. It has proven to be rival technology with conventional generation of energy with tax 

regimes that currently use and take into consideration the high CO2 emissions related to fossil 

fuels. Nevertheless, enhancing utilization of biomass will raise the prices for limited biomass 

feedstock in the future and may be a preventive factor for the municipal CHP plants economy, 

that is fired biomass. A common heat duration curve of a DHN under Nordic conditions may be 

presented in Figure 19. 
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Fig.19 Heat duration curve and DH load multiperiod model Stand-alone CHP plant [23]. 

 

It might be investigated that full load plant operation time is only possible on nearly 70 days of 

the whole year. Less efficient part load conditions will take place during 145 days per year and 

finally the plant will be close down for about 150 days which clearly overpasses the needs of 

time for yearly maintenance. It can be seen that such plants offer a big potential of availability in  

boiler capacity that could provide heat for processes related to thermo-chemical conversion, e.g. 

gasification or pyrolysis. In such concept the need of heat for the thermo-chemical conversion 

would be gained by means of the fuel boiler and low-grade heat. Such a heat potentially turned 

down at the cold end of the conversion process could be easily used in the DHN. In its turn, it 

would be enhance the overall efficiency. Such integration may carry the perspective of 

increasing the utilization of boiler capacity and supplementing an additional product of biomass 

to the plant portfolio, that can enhance the competiveness and let CHP plants to be a part of the 

bio-economy which is currently established. 

 

As it was already mentioned in the second part of my work, biomass fast pyrolysis (BFP) is the 

thermal conversion of preferably dry biomass in the absence of oxygen at temperatures of 

approximately 500°C and atmospheric pressure. It affords a mixture of about 13 wt-% non-

condensable gases (mostly CO and CO2), 75 wt-% pyrolysis oil (including water) and 12 wt-% 

solid char. The process of fast pyrolysis needs roughly 15% of the feedstock energy to supply the 

heat for the endothermic process of fast pyrolysis (Requirement of BFP is to heat up the biomass 

to reaction temperature and heat for the oroginal decomposition reactions). Thus, this process  

has a high energy efficiency due to all the products might be actively used within the process. 

 

For the last time, Fortum OY company started to operate of the world's first industrial BFP unit 

that produces 50 kt/year of pyrolysis oil in Joensuu, Finland. The BFP process in this plant has 

been integrated with a municipal CHP plant. However, the influence on the heat and power 

generation on the part-load behavior hasn't been reported yet. The fast pyrolysis process happens 
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in a CFB reactor with transfer of the heat by means of sand taken out from an interrelated BFB 

combustor. The hot gases of pyrolysis process are separated from char and sand in a hot cyclone. 

They are recycled in the combustion reactor. After quenching with cooled pyrolysis oil the non-

condensable gases are combusted in the boiler. One part of produced oil will be utilized in 

companies that own heating plants and another one will be sold to other energy supplier for 

replacing light and heavy fuel oil. Process of combustion of unblended pyrolysis oil was recently 

found to be suitable for industrial heating boilers. This kind of boilers tooled with burners which 

have special design - all parts in contact with the acid pyrolysis oil are made of stainless steel. 

 

Apart of Fortum Oy, Green Fuel Nordic OY is starting to build a stand-alone BFP unit in Iisalmi, 

Finland. The output of this unit is supposed to be of 90 kt/year of pyrolysis oil. Also, two more 

plants are planned.  

 

The pyrolysis oil can be utilized in gas turbines and internal combustion engines for CHP 

production besides of its utilization in fuel oil burners. Nevertheless, a long-term demonstration 

has not been carried out yet. 

 

5.1.1 Integration concept 

The integration concept reviewed in my work would use hot flue gases after the oroginal boiler 

section as a heat source for the BFP process. Figure 20 is shown the way how it could be done: 

by means of opening the boiler casing (3) at the top and connecting an additional pass (9) that 

induced fan (10) can control on the cold side after a counter-current sand/flue gas  re-heater(11). 

The flue gas would be mixed back to the main flue gas stream in a special mixer (12) before the 

economizer (8). Although, the concept is not technically proven so far or used for BFP 

processes, bypass control of heat exchangers is typical practice in large power utilizations, for 

instance with the aim of controlling re-heat temperature of the steam. 
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Fig.20 CHP plant integrated with steam drying and BFP [23]. 

 

With a view to enhance the efficiency, the flue gases have to be used with as low temperatures as 

possible. BFP process typically occurs at 500°C, however with real equipment a temperature 

drop through the reactor will always takes place. So, BFP occurs this way at temperatures around 

500°C. A possible temperature range might be that sand enters the pyrolysis reactor (13) at 

550°C for heat supply and leaves the reactor at 450°C. If a current direct counter of the heat 

exchanger is expected where flue gases of 850°C give the final heating of sand to 550°C a flue 

gas exit temperature of 480°C seems to be. Transferred sand can be minimized  with the 

influence of the velocity of flue gas and fines may have need to be separated with a cyclone (14) 

and a special filter. The pyrolysis reactor could be represent in two types: CFB type or the screw 

type. These two reactors provide a wide capacity range. 

 

The gases are commonly quenched in a spray cooler (16) after the separation stage with cool 

pyrolysis oil with the aim of reaching fast cooling for high yields of the liquid. The permanent 

gases have a co-firing process in the boiler. Pyrolysis oil and char might be re-mixed with a so-

called colloid mixer (17) to form pyrolysis slurry before further upgrading or transporting. The 

most visible profit of such a concept of the integration process can be the following: it should be 

suitable for all common boiler types, e.g. grate fired, BFB and CFB. 
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Drying stage is need before the beginning of the BFP process due to obtained biomass has a 

moisture content of 50 wt-%. An indirect steam-tube dryer (18) at ambient pressure is proposed 

in a place where the flue gas leaving the air pre-heater (2) is utilized as implementing medium. It 

occurs because of the availability of the hot steam and because of the fact the condensate heat 

can be removed directly in the feedwater system, provided the fact that it is not polluted. The 

energy consumption of the steam tube dryer was evaluated to 3000 kJ/kg water evaporated. If it 

is hot enough, the latent heat of the flue gases will be utilized for drying as well. In its turn, the 

exit temperature of the dryer is set to 143°C, which is the lowest temperature that has gained in 

the stand-alone CHP configuration. Lower temperatures (around 120°C) of the flue gases may 

take place. Nevertheless, the temperature of 143 °C was chosen to provide fair comparison to the 

stand-alone CHP process. 

 

Heat which is not provided by the flue gas will be supplied by hot steam. When the attention is 

paying to the modify situation it was supposed that the turbine won't have any changes. 

Therefore live steam at 60 bar/510°C is expected to take place(19), throttled to 10 bar (20) and 

finally cooled to 190°C (21) by means of the needed amount of condensate leaving the dryer. 

The condensate that remained is ejected after  the throttle valve(22) to the feedwater tank (7) for 

pre-heating. The supplementing perspective of the additional extraction point to the turbine has 

been observed in case when the lower extraction pressure for the steam utilized for drying will 

enhance the power generation. After the stage of drying, the biomass chips will be crushed to 

appropriate particles by a hammer mill (23) as BFP process requires. 

 

The modified CHP plant is assumed to operate under hard changes in part-load conditions. Thus 

it is substantial to take into account the impact of changed temperatures and mass flows on the 

heat exchanger and turbine efficiencies. This circumstance is measured by means of running the 

part-load simulations in the so-called off-design model with fixed physical sizes for heat 

exchangers and turbine stages. Concerning the dryer and the equipment of BFP process, part-

load data is not provided. However, it can be supposed that part-load operation is possible to 

some rate, for instance, 50% seems to be an acceptable value. Relating to the original process 

design it can be possible to run two or more parallel smaller units. It should provide the 

maximum load only when they are operated contemporaneously. This way would be possible for 

all types of utilized equipment. Nevertheless, for in-depth analysis, the dimensions of the exact 

component would be needed.  However, currently it could be nothing more than just an educated 

guess because of the appropriate data for pyrolysis reactors and part-load operation of biomass 

steam-tube dryers could not be easily found in the literature sources.  
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5.1.2 Integration of BFP with the process simulator. Basic case. 

The CHP plant integrated with BFP is shown in Figure 21. It follows the approach represented 

in 5.1.1 section. 

 

The power plant simulator affords simple and secure part-load calculation of power plant 

equipment. However, it can't carry out more complex chemical conversion processes such as 

BFP. The extract of the heat itself is simulated by means of an additional evaporator (see module 

26 in Figure 21) because the main As the major interplay between CHP plant and BFP process is 

the extraction of the heat from the flue gas. All other equipment which is needed for pyrolysis 

has been reviewed with the help of its power consumption exclusively.  

 

 

Fig.21 CHP plant integrated with steam drying and BFP [23]. 

 

The DH load is controlled by synchronous regulation of the flue gas flow to the sand re-heater 

after the BFP and steam drying integration. It can be also controlled with the steam flow to the 

dryer and by decreasing the fuel input to the boiler (if needed). The maximum goal which is 

possible for BFP product yield requires the highest boiler load as a heat shall could be provided 

to the fast pyrolysis process and the steam dryer. On the other hand, it means that the steam 

enthalpy flow after the turbine overpasses the demand of the DHN due to the boiler temperature 

is controlled by water/steam mass flow through the evaporator and superheater tubes in the 

boiler walls. If the heat input in the boiler at DHN part-load conditions is kept on a higher level 
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than typically needed, the required water amount for scattering the heat from the boiler walls is 

enhanced. Therefore, with the aim of fitting the DH load, this heat has to be currently consumed 

in the steam dryer. The DH load was fitted by means of dryer load regulation and split-off 

needed for BFP and fuel input. The consumption of the sand re-heaters and steam dryers is 

linked, thus all dried biomass might be successfully pyrolyzed. 

 

This kind of setup constantly increases the yield of BFP with the drop of the DH levels down to 

70%-50% at full boiler load. In its turn, the maximum flow of the dryer (therefore its throughput) 

is limited by the pressure that dominates in the feedwater tank. That pressure is given by means 

of the extraction pressure after the third stage of the turbine. The parameters of live steam and 

steam mass flow are falling which leads to the decreasing of the pressure. Thus, there is a heat 

flow with pressure dependant maximum which might be fed into the feedwater tank until 

saturation condition is achieved for the condensate mixture from dryer and DH exchanger. With 

the aim of overcoming this limitation the pressure of the feedwater tank has been increased 

dependently from the load to a maximum of 2 bars to meet its design pressure.  

 

Nevertheless, because of the above mentioned reason, for loads below 70%-50% the heat that in 

its turn would require to be taken in the dryer would result in such a heat flow with high dryer 

condensate. So, it may bring the feedwater beyond saturation condition. Therefore, for such 

cases the load of the boiler was reduced gradually. Such a strategy of control the feasible lowest 

load of DH reduces significantly that drives to increasing in operation hours in comparison to the 

stand-alone CHP plant case. The boiler load is limited to 100% in all the cases. So, the boiler 

overload back-up capacity is maintained. 

 

All options of the integration process assume for longer operation hours. That fact has been 

determined in the DHN multiple period model with the help of firstly identifying the lowest (or 

minimum) possible heat load and the connected operation hours expansion for the integrated 

CHP plant. Secondly the average DH load was estimated, representing the adequate heat 

production and operation time. That load was added as one more load level to the base case 

scenario. The combustion of the pyrolysis gas has not been simulated. However, its energy is 

deduced from the input of the boiler fuel determined with the help of the simulation software. 

 

5.1.3  BFP products utilization 

Concerning the products of oil and char, there are variety of ways for its use. Figure 22 is 

represented them clearly: following the bioliqid process developed by the Karlsruhe Institute of 
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Technology (KIT), the mixture of liquid and char that forms pyrolysis slurry, is assumed as final 

product. This product can be sold to the market to replace the  fuel oil (case PYRO shows this 

replacement). Next, oil can be separated from the char and can be possibly used for replacing the 

fuel oil used in the DHN boiler only for heat. The excess can be sold to the market as fuel oil 

replacement. The char that remained after that can be utilized for in-situ firing in the CHP plant 

(it is shown in OIL case). It CHAR case it can be sold for coal replacement of coal or it can be 

assumed as a carbon sink and sequestration in SEQUEST case. The different utilization 

scenarios are depicted in Figure 22 and have been put to use only for  the basic BFP case for 

integration. 

 

 

Fig.22  Different ways for BFP product utilization [23]. 

 

 

5.1.4 General efficiency characteristics 

Concerning the effectiveness of the integrated plant, Figure 23 can represent that the yearly 

operation hours can be enhanced by up to 57%, suitable to 8000 h. It was determined as the 

maximum possible. The maximum in operation hours can be reached for high feedwater 

pressures admitting high dryer, therefore, carrying capacity of BFP process as it was explained in 

5.1.2 section. TURB or so-called, an additional turbine stage as well as variety of options for 

utilization for the BFP products has zero influence on the operation time. 
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Fig.23 Percentage change of yearly operation hours and DH generation relative to the base case CHP plant [23]. 

 

Figure 24 shows that all options of integration process enhance the total plant output by 95%-

195% in comparison to the base case CHP plant. The BFP product utilizing is presented in 

different ways as blue-scale can show. It also clearly shows that the fuel input decreasing for the 

case where BFP oil would be the only product, the char in its turn would be burned in the BFB 

boiler and thus decreases its wood fuel input. Changes in the turbine arise in small reductions in 

input and output as well. The raised pressure of the feedwater tank provides highest biomass 

output pointing that high pressures have to be reached. 

 

 

 

Fig.24 Percentage raise of fuel in and total product output ( heat,  power, BFP output) relative to the base case CHP 

plant [23]. 

 

The influence of the integration process of BFP on the annual net power throughput of the plant 

and the overall efficiency can be seen clearly in Figure 25. In spite of the TURB case, where 1.2 

GWh of extra power can be generated annually, no option of the integration concept can balance 

for the power consumption of the additional equipment. All cases can provide a higher net output 

on the basis of the enlarged operation hours, if ignoring supplemented additional consumption. It 

can also be shown that the overall efficiency is insignificantly worsened as a result of the 

insignificantly lower efficiency of the BFP process in comparison to the stand-alone CHP 

process. The aspect mentioned above especially influences lower loads, where the overall 

efficiency of the CHP rises because of the decreasing of exhaust temperatures. 
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Fig.25 Percentage net power output and overall efficiency relative to the base case CHP plant [23]. 

 

 

5.1.5 Analysis of CO2 emission and primary energy (PE) efficiency 

Figure 26 represents that almost all integration options have a nice perspective to improve the  

primary energy efficiency substantially by approximately 20%. The best value can be reached 

for feedwater pressures  that raised to 2.5 bars because of a generated BFP product and proper 

power ratio and comparably long operation hours. In the P3.0 case (feedwater pressure of 3 

bars), operation hours are longer (see Figure 23). However, power generation, which is 

estimated with a high PE factor, falls down. 

 

 

 

Fig.26 Percentage change of fossil fuel input to the DHN and  PE of  DHN relative to the base case CHP plant [23]. 

 

What is curious, the isolated of the BFP char deteriorates the PE factor. It takes place because of 

the fact that the isolated char has not any power pros as it does not represent a replacement. 

Therefore, isolation does not save PE but it raises the demand for it mainly because of the 

unused energy in the isolated carbon. In Figure 26 it can also be seen that the decreasing in fuel 

consumption needed by the boiler that is suitable only for heat. The fuel consumption of this 

boiler type represents one of the inputs for the evaluation of the PE factor of the DHN 

elaborated. For all cases the decreasing can be partly allocated to the longer operation hours. 

Integration provides the supply of lower loads of DH by means of the suggestion an auxiliary 
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heat sink. It can also be shown in this kind of the graph that the equipment provided will be 

adapted for combustion of BFP oil. In its turn, the whole determined DHN could be supplied by 

the CHP only. Nonetheless, this aspect allows less improvement from the PE efficiency point 

and thus it can be concluded that for the highest PE efficiency the product of BFP process has to 

be used to replace fossil fuel. It means that the co-generated product should be better sold to the 

market than consumed on-site. 

 

For CO2 savings presentation, its coefficients have been calculated and analyzed. With the help 

of Figure 27 the results can be shown. It also presents that long operation hours with high yield 

of BFP (like in the cases of raised pressure of the feedwater tank) are also most profitable for 

CO2 mitigation as a high quantity of energy produced with fossil fuels can be replaced. 

Concerning the different utilization of the BFP product (it is shown in blue-scale), it can be sum 

up that replacing coal with biochar (it is shown in CHAR case) seems the best strategy for 

decreasing CO2 emissions. This associates with the fact that the emission pros to replace coal are 

higher than for fuel oil that is utilized in the case of pyrolysis slurry. Co-firing the char in the 

CHP plant (OIL case provides the information) seems less profitable with using the analysis 

method. Nevertheless, the final estimation would require to take into account also CO2 

emissions that occur during char transportation. Also char isolation cannot be considered as a 

profitable aspect because of the low amount of CO2 that could be distributed for this method. 

Only the CO2 has been accounted as a profit that would have been emitted during combustion 

stage of the char. 

 

 

 

Fig.27 Total yearly potential saving of CO2 calculated according to EN 15603 and compared to the base case CHP 

plant [23]. 
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On a broader context the results can be identified that the different options would lead to CO2 

decreasing ranging from 30 to almost 60 kt per year. It can lead to the products replacement the 

fossil counterparts. It is crucial to mention that with a size of the plant about 35 MW the Finnish 

annual CO2 emissions could be fall down by 0,05%-0,11%. The integrated concept could drop 

annual CO2 emissions significantly, e.g. by 5,7% allowed that all available biomass would be 

used in CHP plants with integration of BFP process. It can happen in case when we assume the 

potential of currently unutilized forest material in Finland of about 16,4 TWh as well as a project 

perspective of CHP units of 5-8 TWh. Even if all the figures depicted above provide only a 

rough estimation, the substantial potential of such integrated concepts still can be shown. 

 

5.1.6 Summary 

The BFP process integration into a CHP plant is found possible for all points of operation. 

Attention has to be paid to the exhaust temperatures after the air-preheater as they can drop to 

temperatures below those which were achieved in operation of stand-alone case. The design of 

the steam dryer must be appropriate for low exhaust temperatures with the aim of using a huge 

amount of heat which is available from the flue gases that are utilized as a carrier medium. 

Adapting process of the turbine extraction nozzles carry some improvement perspective and 

might be useful for power losses compensation that induced by the auxiliary installed equipment. 

However, the effectiveness of the cost has to be proven.  

 

The integration concept allows the raise of operation hours by up to 57%. It happens due to 

lower possible DH loads. The feedwater tank pressure should be as high as possible because this 

aspect clearly improves the environmental and energetic performance in the best way. 

Nevertheless, the possible power generation decreasing needs to be estimated carefully with the 

aim of preventing a negative balance of the power for BFP operation. Only to generate the power 

higher feedwater pressure is not adequate as more biomass throughput also needs more steam for 

the dryer leaving less to the turbine. With the aim of enhancing the pressure after the dryer an 

auxiliary direct mixer could be installed as well, influencing the safety and material limitations 

set by the original feedwater tank. Because of the lower BFP process efficiency in comparison to 

the stand-alone CHP, the overall efficiency seems an average of the light drops of the individual 

processes efficiencies. Concerning the utilizations of the product it can be sum up that as much 

product as possible must be sold to the market since it really improves CO2 savings and the PE 

efficiency of the DHN. Nonetheless, this result depends hardly on the assumptions which were 

made for the PE factor of the replacing of energy form. It can also be seen that with the 

estimation method applied char sequestering does not look more profitable regarding potential 
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CO2 saving. It turns out also to be a bad choice concerning the efficient utilization of primary 

resources. Nevertheless, the mid-term storage effect of CO2 reached by the sequestration of the 

char has not been taken into account. 

 

The integration of  small and medium sized plant has a feasible perspective to mitigate CO2 

emissions by up to 60 kt annually. It equals 0,11% of the total Finnish emissions. Further, it has 

been summarized that the integration profit can also be taken into account in years with 

substantially lower and higher DH demand. It can also be presented that different boiler sizes 

and types can be integrated quite easily. It is important to mention that none of them show 

critical or unprofitable behavior. The pyrolysis gas co-firing is found to have slightly influence 

on the thermal balance of the CHP plant. 

 

To sum all point up, the integration of BFP into CHP plants is thermally possible and profitable 

concerning the environmental and energetic performance. The condensate has to be fed back at 

as high pressures as possible in case when indirect steam drying is applied. With such a strategy 

future CHP plants can provide valuable products at high efficiency and also help to mitigate 

global CO2 emissions [23]. 

 

5.2 CHP with integrated torrefaction process 

This part of the work will be represented the integration models and some estimated data for 

both:  large and small combined heat and power (CHP) plants. I would like to concentrate my 

attention on the theoretical side that was based on the already calculated experimental data. 

 

A crucial factor for industrial-scale torrefaction integration is the need for a source with the low 

cost of heat energy. Substantial benefits can be reached if torrefaction is integrated with a large 

producer of heat. To research this opportunity, a new model for the energy and mass balances of 

the torrefaction process was developed based on available experimental data. After that the 

torrefaction model was integrated into the simulations of a steam power plant. The effectiveness 

of different schemes of integration concept was estimated and the results were shown. To 

observe the effect of size of the plant and operating regime, the same configurations were 

researched for both types of power plants: large and small CHP plants. 

 

Large power plant operates at full boiler load. When it is capturing a part of heat from the plant it 

leads to decreasing of the power output for all integration cases. Herewith, higher efficiencies of 

trigeneration compared to case without integration together with fuel consumption are reduced 
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because of the torrefaction gas co-firing that indicates that integration of torrefaction and CHP 

plant at full load could be possible and even profitable. In small plant case, free boiler capacity at 

the conditions of load reduction provides covering of the torrefaction heat demand and 

simultaneously enhancing the generation of electricity for almost all integration cases. Efficiency 

of trigeneration concept is changing within a quite narrow range for almost all the cases as the 

consumption of the solid fuel is higher than in a design case [22]. 

 

5.2.1 Products of torrefaction process 

Three polymeric structures are the major components of wood: hemicellulose, cellulose and 

lignin, from which mainly hemicellulose is influenced by torrefaction process. Torrefaction takes 

place at a temperature range of 200-300°C. At temperatures below 250°C, hemicellulose 

carbonization and devolatilization are restricted. However, at higher temperatures, 

decomposition of all the major components gets extensive since lignin and cellulose also start 

limitation of devolatilization below 300°C. Mass loss raises with time. Nevertheless, in the 

experiments with beech, spruce and willow, the mass loss rate slows down significantly after the 

first 20 to 30 min. 

 

Solid product yields of mass and energy of 70% and 90%, respectively, for a 30% raise in LHV 

are often mentioned. Nevertheless, somewhat lower energy deduction turns up quite usually in 

most of experiments with European wood. The results are relatively varied in the frames from 

95,1% and 96,5% (for willow) to 52% and 71% (for pine) accordingly mass and energy yields. 

In Figure 28 is concluded a selection of published yields from experiments of torrefaction 

process with logging residues, briquettes, willow, spruce, birch and pine. 
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Fig.28 Mass and energy yields for torrefaction of different woody biomass. The lines show the increase in torrefied 

product heating value LHVtorr relative to untreated feed LHVut (both dry and  ash-free) [22]. 

 

 

5.2.2 Requirements for torrefaction heat 

The feedstock is usually dried to a moisture content of approximately 10% before the 

torrefaction stage. Drying stage spends most of the heat which is necessary for the whole 

torrefaction process. The type of the dryer is not said in the model, however a belt dryer would 

allow flexibility in choosing the source of heat and would enable the utilization of sources with 

pretty low temperature. 

 

A specific heat consumption of 1,2 kW h/kg              , assumed to show a typical or 

conservative evaluation for heat consumption of the dryer belt, was considered. The heat of the 

dryer can be provided by hot water, flue gas or steam of the low pressure. 

 

From storage of dried biomass the biomass feed is supposed to enter the torrefaction reactor at a 

moisture of 10% and temperature of 60°C. After that the feed is torrefied by means of heating it 

to the specified temperature of the reaction and maintaining the temperature for a fairly long 

period (usually about 30–60 min). Indirect heating of the biomass was evaluated, providing the 

utilization of any flux at enough temperature to supply heat. The total heat demand of 

torrefaction is much lower, though torrefaction needs a higher temperature than drying stage. 

 

Since industrial torrefaction reactors are not supposed to be a typical equipment with known 

common heat consumption rates, an approximation based on the model should be used. Precise 

modeling of the consumption of heat in torrefaction is challenging for some reasons, especially 
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due to the variations in the specific wood heat, the reaction heat during torrefaction and the value 

of heat losses. 

 

5.2.3 Torrefaction model 

Process simulation software, so-called IPSEpro, was used to observe torrefaction process 

integration into CHP plants. The software does not suggest a torrefaction process model already 

made, however can provide standard components of the CHP plant and includes a development 

set of the model to create new components of the process in addition to the standard component 

portfolio. 

 

The torrefaction equipment of the industrial type usually include three parts: a dryer, torrefaction 

reactor and a cooler for the solid product. Cooling and indirect heating are assumed. 

Nevertheless, component operation in more details is not considered. The product of the gas 

phase is directed to combustion, for instance, in a furnace or boiler. A schematic diagram of the 

developed model is represented in Figure 29. 

 

 

Fig.29 Torrefaction process model shown in IPSEpro software [22]. 

 

5.2.4 Models of CHP plants 

For the analysis of the integration two different CHP plants were assumed: a large-scale biomass 

fired plant with a 385MW CFB boiler and a condensing turbine (Plant A) and a smaller biomass 

fired backpressure plant with a 29 MW BFB boiler (Plant B). Both plants are based on actual 

operating industrial plants. What is more, their performance has been modeled with help of  

IPSEpro software. They are considered to run based on the necessary heat demand. Thus, 

integration of torrefaction will affect electricity production and fuel consumption solely. 
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Plant A generates 110MW district heat at 90/50°C supply/return temperature levels and 103MW 

of electricity during the three month winter peak. Additionally, 120MW of process steam is 

provided without breaks for industrial purposes at pressures of 16,5 bar, 10 bar and 4,5 bar. The 

plant of this type is basically built for electricity production, i.e., the assumption utilized for 

selecting the operation type for Plant A has tries to run at maximum steam load during operation. 

The condensing tail takes whatever steam remains after the steam extractions for thermal load 

fulfillment, since the plant tries to run at full boiler load. 

 

Plant B is represented a small CHP plant that is basically utilized, for instance, in central Europe, 

with the aim of increasing small-scale heat and power production based on biomass. At full load 

it can produce 20,0MW district heat and 7,9MW electricity. A different scenario is supposed 

with this plant as this type of plant is usually built to fulfill district heating demand. When the 

heat load of a backpressure plant is fallen down (typically in spring and autumn), the steam flows 

through the turbine and thus electricity output is necessarily decreased. 

 

In this case, an aauxiliary heat consumer in the form of a torrefaction plant may raise the 

electricity output by means of utilizing the available free boiler capacity. In this work, a case of 

60% district heat load (12 MW) at 90/50°C temperature level was selected to present common 

conditions of reduced load. The major plant parameters at full load design point operation are 

summarized and shown in Table 7. 

 

Tab.7 Major characteristics of CHP plants at full load design point [22]. 
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Design cases schematic diagrams are depicted in Figures 30 and 31 respectively. 

 

Fig.30 Plant A design case model [22] . 

 

 

Fig.31 Plant B design case model [22]. 

 

In both cases, the torrefied solid fuel could be either utilized internally, processed further in the 

plant, e.g., by means of pelletizing or sold on the market as torrefied chips. The volume of the 

research was restricted with the integration of the torrefaction and CHP processes.  

 

The boiler in both cases is modeled utilizing four components which are the following: the 

furnace that includes the steam drum, followed by a series of three heat exchangers in the flue 

gas flow direction, presenting the superheater, air preheater and economizer.  
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Heat transfer rate   [kW] in the three heat exchangers is determined from: 

 

         (1) 

 

where the conductance G [kW/K] is referred to the product of the overall heat transfer coefficient 

U [kW/   K] and heat transfer area A [  ]. In its turn,      [K] is the logarithmic temperature 

difference. In Table 8 the values for design point conductance G of the main heat transfer 

surfaces are shown for both plants. 

 
Tab.8 Heat transfer surface conductance [kW/K] of boilers at design point [22]. 

 

 

Component performance changes in off-nominal conditions. Variations in turbine and pump 

isentropic efficiencies were considered to remain small and not estimated. In the boiler, the 

conductances G of the superheater, economizer and air preheater are supposed to change in 

proportion to comparative change of the gas flow. 

 

A steam coil air preheater is utilized for prevention flue gases from cooling below 150°C. In 

some circumstances, the stack temperature can raise insignificantly above 150°C. Total 

superheating can be maintained by means of decreasing the water injection to superheater in 

most of the cases. Nevertheless, in some situations, the temperature of live steam will be 

necessarily decreased, in particular with the smaller plant at part load. 

 

5.2.5 Opportunities for integration 

The heat needed for the torrefaction process can be supplied by different streams, e.g., flue gases 

from the boiler, hot water or steam from the turbine. The thermodynamic effectiveness of six 

various integration schemes were observed and represented in Table 9. 
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Tab. 9 Heat sources for units of the torrefaction process [22]. 

 

 

Zero case depicts a non-integrated operation of the torrefaction unit and the CHP plant. It was 

utilized as a reference point for further comparison. In this case, the heat demand of the dryer 

and torrefier was provided by means of flue gases from the torrefaction gas  and additional fuel 

combustion process. The water from the boiler drum is returned back to the steam-water system 

after providing the heat for the units of torrefaction (cases 1 and 2). The temperature of the 

exhaust gases after the dryer in cases 2 and 3 was fixed at 150°C. Flue gases are turned back to 

the boiler after the torrefier in case 4. Condensate from the dryer (cases 4, 5 and 6 respectively) 

is mixed with the main condensate flux before the deaerator. 

 

The following guesses were made for all cases: 

 For all cases of integration the torrefaction gas is co-fired in the boiler together with 

biomass; 

 Heat from the cooling of the torrefied biomass is utilized for combustion air preheating; 

 Pressure  of the live steam is set at the design level; 

 Heat losses from the torrefaction process are independent of the used heating media; 

 Constant mass flow of solid biomass to torrefaction is supposed (10 kg/s for Plant A and 

1 kg/s for Plant B integration cases). 

 

5.2.6 Results of the simulation 

Figure 32 depicts the solid fuel consumption as a function of torrefaction temperature for the 

researched cases of the integration. The solid fuel consumption falls down with raising 

torrefaction temperature for both of the CHP plants: large and small size. This result seems quite 

expected as the higher the torrefaction temperature, the greater is the torrefaction mass loss. 

Therefore, the heating value as well as the torrefaction gases mass flow rate to the boilers raise 

with enhanced torrefaction temperature. Consequently, a larger share of solid fuel can be 
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replaced in the boiler. The raise of the heat consumption in torrefaction reactor (about 40% more 

for the highest temperature level than for the lowest one) can be neglected. 

 

 

Fig.32 Solid fuel consumption for Plant A (a) and Plant B (b) integration cases [22]. 

 

In case the boiler of Plant A is operated at full load, raising the share of torrefaction gas which is 

co-fired drives to the economy grow of the main solid fuel usage (Figure 32 (a)). In cases 2 and 

3, the quite high dryer heat demand is covered by flue gases heat. In these cases, the flue gasses 

heat is not enough to sustain the necessary level of combustion air preheating in air-preheater. 

The steam coil with raised area of the heat transfer is utilized to perform the needed air 

preheating. The mass flow rate of the fuel to the boiler reduces as a result of reduced heat 

transfer rate of air-preheater. In case 2 the highest reduction in fuel consumption among the 

integration cases is represented: 7,5% increase in the economy of the fuel for the 300°C 

torrefaction temperature compared to the non-integrated case. Case 3 reaches a 6,1% increasing 

in fuel economy at the same conditions. Cases 1, 4, 5 and 6 demonstrate practically identical 

numbers within the studied temperature range - from 0,2% at the lowest temperature level to 

5,4% of increasing in the economy of the fuel at the highest temperature. 

 

Concerning Plant B, the consumption of the solid fuel for all integration cases is higher 

compared to the design case (depicted in Figure 32 (b)). With the same way to integration 

options for Plant A , cases 2 and 3 (where flue gasses heat is captured to torrefaction process) 

have visibly different behavior in comparison with the other cases. Maintaining the combustion 

air temperature at the appropriate level in these two cases drives to the increasing steam mass 

flow through the steam coil. As a result of this, live steam mass flow and boiler fuel for its 

production also raise. At the lowest level of temperature, cases 1, 4, 5 and 6 have fuel 

consumption which is 12% – 17% higher than the design values. The fuel consumption becomes 
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quite close to the consumption of the design case at 300°C, while cases 2 and 3 have an average 

raise of 38,1% and 46,1% respectively. 

 

Power generation for both plants changes insignificantly with torrefaction temperature. 

Nevertheless, the integration way has a relatively strong effect. The net power output at various 

integration cases for both plants is shown in Figure 33, averaged over the temperature range. 

 

 

Fig.33 Plant A (a) and Plant B (b) integration cases. Net power output averaged over torrefaction temperature range 

(200–300°C) [22]. 

 

The power production of the larger Plant A is decreased when torrefaction is presented, as the 

torrefaction heat demand either reduces production of steam or some of the generated steam 

requires to be extracted before expansion to pressure of the condenser. Heat which is taken from 

the boiler for torrefaction reduces the mass flow of the live steam to the turbine in cases 1, 2 and 

3. As a result, electricity output is decreased: 9,4%, 11% and 10%, in comparison with electricity 

production in the non-integrated plant. One more factor is the required level of air preheating 

that has to be maintained by the steam coil in cases 2 and 3. For these two cases, higher 

consumption of steam leads to a bigger loss of power output of the net. In cases 4 and 5, the 

production of the steam boiler is quite close to the design value and steam energy from the final 

expansion to condenser pressure is only lost because of the torrefaction process. Thus, in these 

two cases the decrease in power output is the lowest: 3,2% and 1,1% lower compared to the base 

zero case respectively. 

 

A relatively different situation is investigated with integration concepts of smaller Plant B . The 

available free capacity of the boiler gives the raise in power output for almost all cases of the 

integration. To carry out the higher demand for mass flow of the steam to air preheating, mass 

flow of the steam through the turbine and, consequently, net electricity output increase 
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substantially in cases 2 and 3 (43,4% and 50,7% more than in the design case). In case 6, 

meeting the heat demand of the dryer and torrefier with high pressure steam leads to a loss of 

generation power. Due to this fact, the net power output for this case is 5,1% lower than the 

design value. 

 

5.2.7 Summary 

The assumptions concerning operation process which used in this work led to quite different 

results for the researched integration options and concepts. For instance, with the larger plant, 

maintaining maximum output of the boiler and simultaneous cofiring of torrefaction gas reduces 

fuel consumption and power output with the enhancing torrefaction temperature. Regarding the 

smaller boiler at partial load operation, the consumption of the fuel was quite higher than in the 

design case, whereas  raised steam flux led to auxiliary electricity output. Concerning the smaller 

plant,it can be said that the integration effect is quite low for most of the reviewed cases. For 

both plants, the integration cases used the flue gases heat for torrefaction carried out quite 

differently than the other examined scenarios. For example, capturing of a certain heat amount 

from flue gases led to additional steam consumption for the combustion air preheating. 

 

To sum up, simulation results represent the diverse effect of the different integration scenarios on 

the CHP plants performance that operated under different conditions. Torrefaction parameters 

have a special effect on the integration performance: at higher torrefaction temperatures, a larger 

fuel share can be replaced with torrefaction gas. Based on all the experimental data analysis, it 

can be considered that the potential of torrefaction integration  into a CHP plant very depends on 

the operation parameters of both the cogeneration plants and the torrefaction process. Each 

special case needs individual estimation from the side of both: fuel consumption decreasing and 

auxiliary cost analysis. 

 

5.3 Special case. Valmet Power’s integrated pyrolysis pilot plant 

As two previous integration concepts of pyrolysis and torrefaction were reviewed and analyzed 

based on special simulation programs, in this part of my work I would like to concentrate my 

attention on the real case of integration of one of the processes that took place by one definite 

Finnish power plant, Valmet Power (the former name is Metso). It has built the first integrated 

pyrolysis pilot plant in the world at the Metso's R&D Centre in Tampere, Finland. An up to 2 

MW fuel unit of fast pyrolysis has been successfully integrated with Valmet Power’s 2-4 MWth 

fluidized bed boiler. This concept shows that the pyrolysis pilot utilizes the hot sand from the 

fluidized bed boiler as a heat source. Vapors of the pyrolysis process are condensed as bio-oil 
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and the non-condensable gases and solids that remaining, including fuel char and sand, are 

turned back to the fluidized bed boiler. In this boiler type, char and off-gases are combusted with 

the aim of heat production. So, this integration concept can show a good example of the multiple 

products generation. I would like to review in brief some stages of this concept. 

 

5.3.1 Feedstock preparation 

Preparation of the fuel is a necessary part of the process. The main feedstock for the pilot plant 

were sawdust and forest residues. These type of fuel was dried at 40-50ºC to about 10% moisture 

and ground to reach a particle size below 5 mm. Table 10 represents compositions of the two 

types of feedstock. 

 

Tab.10 Valmet Power’s Pyrolysis Feedstock [18]. 

 

 

5.3.2 Operation of pilot plant and production of bio-oil  

The very first test run already brought a production of the first portions of bio-oil. More than 90 

tons of bio-oil since have been produced from forest residues and pine. The longest continuous 

test run went on 9 days and was stopped due to the lack of feedstock. The most attention has 

been concentrated on the fast pyrolysis reactors development  and minimization of the solids 

content in the product oil. Various measurement technologies to analyze moisture of the bio-oil 

were tested during the test runs. Bio-oil samples were thought over in the, so-called, on-site 

laboratory by Karl Fischer (KF) titration as a reference. An automatic online KF sample analyzer 

was utilized in parallel as well as a Valmet Power microwave consistency transmitter (MCA) 

assembled in-line. The online KF titrator is an Applikon Analytical/ADI 2040 process 

analysator. It is a continuous titrator that has an opportunity to take 0,5 ml of sample 1 or 2 times 

per hour. 
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The titration reagent is KF Reagent 5, that is 2-methoxy ethanol with an anion of the alkyl 

sulfurous acid, pyridine and iodine. The equipment works satisfying when the solid content of 

the sample is rationally, about below 0,5 wt%. As a fact, filters for solids were useful but 

required maintenance. The continuous MCA is based on microwave technology and is relevant 

technology by Valmet Power (Kajaani, Finland). The both methods results estimated with 

laboratory water measurements as it is depicted in Figure 34. 

 

 

Fig.34 MCA for  in-linewater content, results from pilot plant. KF, Karl Fischer titration in laboratory; On-line KF, 

online Karl Fischer analyzer; MCA, microwave consistency transmitter [18]. 

 

Compared to a stand-alone pyrolysis unit with a non-optimal small boiler for combustion process 

of the byproduct (pyrolysis gases and char) of the pyrolysis, the integrated concept is easy and 

smooth for its operation. Moreover, this concept has a high efficiency. Regarding pyrolysis, to 

have a stable and smooth flux of input energy (boiler sand) is a significant advantage from the 

operator point of view. 

 

An example of pilot operation is given in Figure 35. The coolant liquid has high initial water 

content. However, during the first day as the feed moisture is dropped, a constant level of 

product water (about 25 wt %) is reached. In case of steady pilot plant operation, water of the 

product is constant as long as feed moisture is constant. After the third day, when feed moisture 

is gradually raised from 8 to 12 wt %, product liquid moisture raised as well. Three various wood 

fuels had a test during the period that is depicted. 
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Fig.35 Example of bio-oil water content during a 6 day period [18]. 

 

5.3.3 Controllability of the integrated concept 

Controllability of the integrated concept has been perfect. One of the critical characteristics of 

pyrolysis is the opportunity to maintain a constant reactor temperature during the operation. In 

Figure 36 is represented an example of the integrated concept controllability. Due to the 

pyrolysis reactor is integrated directly with the boiler, a key area of interest is the impact of 

potential boiler temperature changes on the pyrolysis temperature. Disorders of the boiler can be 

shown in Figure 36. It can be seen that the fast changes in the boiler sand temperature are softly 

compensated by control of the pyrolysis temperature. 

 

 

Fig.36 Soft reactor temperature control [18]. 

 

In its turn, Figure 37 can depict that the availability of the pilot plant has improved without 

intermission during the development phase. 
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Fig.37 Integrated pyrolysis pilot plant availability (weeks/year) [18]. 

 

 

5.3.4 Quality Control 

 

Monitoring of the quality during production of the bio-oil provides the production of a uniform 

quality product. What is more, it helps to minimize problems of potential production. Feedstock 

moisture is the major parameter that is monitored. Excessive (>10 wt %) feedstock moisture can 

lead to the formation of a liquid product with a multiphase. A first sign of expected organic 

liquid yields from any biomass can be achieved by means of analyzing the volatiles/fixed carbon 

of the feedstock to be pyrolyzed (it can be seen in Figure 38). 

 

 

Fig.38 Organic yield as a function of volatiles [18]. 

 

The main product gases, carbon monoxide and dioxide can be traced by an online gas 

chromatograph. As Figure 39 shows, the major liquid quality parameters that have to be 

monitored are solids content and water. 
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Fig.39 Product quality follow-up [18]. 

 

A water enhance may identify a change in moisture of the feedstock or processing conditions or 

the presence of catalytic reactions. Solids content raise of the liquid can play a role of an 

indicator of a failure in cyclone operation or a blockage. For measurements which take place in 

laboratory, it is recommended to take liquid samples from the condensers at set intervals. 

Chemical characterization is held on an as-needed basis. Water and water-insoluble contents 

basically provide enough information of the product composition for control purpose of quality 

monitoring. 

 

5.3.5 Bio-oil combustion for district heating 

Bio-oil was burned in Fortum’s 1 MW district heating plant in Masala, Finland. The existing 

burner was substituted with a new burner for bio-oil that consists of a modified heavy fuel oil 

burner. The total amount of combusted bio-oil was about 40 tons. For the tests two major topics 

were the following: the overall functionality of the bio-oil receiving, storing and pumping system 

and the burner function. Both topics were successfully overcome. The oil tank and receiving 

system were placed outside the boiler building. The system worked quite good, in spite of the 

outside temperatures, that changed from -20 to +10ºC during the period of the test. Strong 

reliability and a satisfactory turn-down ratio of 1:3 were obtained as a result of aspects 

mentioned above. The emissions of the flue gas were quite close to those of heavy fuel oil, at 4% 

O2, CO emissions varied from 0 to 10 ppm and emissions of NOx changed from 300 to 400 

ppm. Odor emissions were not observed. 
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5.3.6 Future perspectives 

VTT and its partners have determined crucial potential for the development of fast pyrolysis in 

industry with installed infrastructures, e.g., the industries of pulp and paper and mechanical 

wood process in North America and Europe. Fast pyrolysis and forest industry boilers 

integrations are visible from the technical point of view and the possibility is assumed to be 

industrially appropriate. Probably, the first utilizations for the bio-oil would be in fuel oils 

substitution in boilers and industrial ovens. Nevertheless, a target of a longer term could in 

producing so-called co-feedstock for refineries technologies of mineral oil for further 

transportation fuels production and petrochemical feedstock. This idea was brought into life, e.g., 

within the European Union BIOCOUP project that was recently completed. 

 

Biofuel capacity phased construction can be an approach with technically low risk with the aim 

of building new second-generation transportation biofuel capacity. Technically less demanding 

bio-oil utilizations may be originally developed. The investor risk is manageable due to the 

initial investment would be an order of 20 Mh value. This may lead to comparison with the other 

technologies of second-generation biofuel when investments claimed for demonstration need 

significant funds. 

 

Pyrolysis industrial demonstration is expected to occur in a few years. The phased investment 

strategy, that is particularly feasible for biomass technologies with fast pyrolysis, was depicted in 

Figures 40 and 41 respectively. A successful integration of pyrolysis technology by means of the 

first demonstration plant can be represented in Figure 40.  

 

 

Fig.40 Phased integration of the biofuel industry based on the integrated pyrolysis technology: the first 

demonstration plant [18]. 

 

In its turn, Figure 41 outlines an opened boundaries for biofuels integration as well as fertilizers 

and various chemicals co-production [18]. 
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Fig.41 Phased integration of biofuel, fertilizer and chemical co-production: building more biofuel capacity [18]. 
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6. CONCLUSION 

The development of multiple products generation promises to be an essential part of the energy 

industry in the near future. Great steps have already been done in this field. The integration of 

such valuable technologies as pyrolysis and torrefaction took place not only with the help of 

various simulation software but also it was outlined in real power plant process.  

 

My work was mainly concentrated on the review of these two processes integration into a CHP 

power plant to get a multiple products as a great benefit. Different simulation software, such as 

IPSEpro ensured feasible advantages of this implementation concept. To provide a better 

comprehension of how this integration can be used in a real life, Valmet Power’s integrated 

pyrolysis pilot plant case was represented as a special one in the end of my work. 

 

Concerning the pyrolysis case, its integration offers benefits but also carries issues to solve. 

Some characteristics advantages of potential CHP integration with fast pyrolysis process include 

the following: 

 in general, pyrolysis integration has a great potential for old plant efficiency 

improvement; 

 pyrolysis in reactors is technology that is a well understood; 

 carbon dioxide emissions can be decreased when bio-oil is utilized in co-firing processor 

in backup boilers instead of heavy oil; 

 integration provides the CHP plant generating products which can apply for different 

upgrading processes such as ethanol, methanol, hydrogen, biodiesel and other chemicals; 

 products of the pyrolysis process can be directly combusted within the plant; 

  CHP plants can produce bio-oil that is independent of the heat and electricity market. 

 

Regarding the torrefaction technology integration, it can be sum up that the results of the 

simulation process that was highlighted in my work indicate the diverse effect of the different 

integration scenarios on the performance of CHP plants operated under different modes. It can be 

said that the potential of torrefaction integration with a cogeneration power plant is feasible for 

the future applications but also it is highly dependent on the parameters and characteristics of 

both: the CHP plant and the torrefaction process. Each definite case should have individual 

evaluations about profitability of the multiple product development.  
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From my point of view, both of these integration processes have their own pros and cons which 

have to be analyzed in more depth. Fortunately, in most of the European countries we can see the 

tendency to have a progress in the bioenergy field. Finland provides a good example of that. I 

hope, in the near future we may have a possibility to develop multiple products, such as biofuels, 

electricity and heat, by means of pyrolysis and torrefaction integration all over the globe. 
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