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Summary
Background and objectives
At present biomass energy is in the focus of attention among other renewable energy sectors,
as biomass has a major role in changing the world’s energy supply. There are so many
opportunities on this field representing a rather complex decision making process, therefore it
is essential for companies who would like to invest in this field to be aware of key
opportunities and barriers to exploit the given advantages of several biomass conversion
routes and technologies in order to make the best investment decision. In this framework there
were two objectives of this study: (i) to discover key opportunities for companies who would
like to invest in the biomass energy sector by presenting an economic and technological
review of biomass conversion technologies; and (ii) to find out whether torrefied pellet
production (TOP) is economically feasible in Hungary or not.
Materials and methods
Data to support economic and technological review of biomass conversion technologies were
gathered from literature and New Energy Finance database (available at Rabobank). Data for
the economic feasibility analysis were collected from literature and experts from Hungary.
Scenario and sensitivity analysis were conducted to examine the economics of TOP.
Economic and technological review of biomass conversion technologies
As a result of the economic and technological review of biomass conversion technologies six
main conversion technologies (combustion, gasification, pyrolysis, anaerobic digestion,
esterification and fermentation) were identified with their relevant sub groups. From the
review several conclusions can be drawn:
1) From a technological point of view it can be concluded that all biomass conversion
technologies are being improved in order to reach large scale, efficient production and to
avoid food-fuel issues. The main barrier of biomass conversion technologies is that
biomass is not a dense matter, therefore it is difficult to harvest, transport, store and
process, and there is no commodity market for it.
2) From an economic point of view it turned out that cost of production and investment only
could give an indication about comparison of different technologies but cannot support a
general decision making process, since these costs are highly specific, dependent on the
input, output, pre-treatment technology and configuration of the technology (for example
reactor type etc.). Production and investment cost can support only the decision in main
technological groups or comparing relevant sub groups of technologies related to the
required output or input.
3) Parameters like available input (feedstock), required output, required scale and status of
the technology can support a general decision making process the best. Based on these
parameters investors can use the following route: (i) if solid biomass is available and the
required output is heat and power and small scale application is required, the best option is
small scale gasification; (ii) if solid biomass is available and the required output is heat
and power and large scale application is required, two options are possible: large scale
combustion and co-combustion; (iii) if wet biomass is available, the only option is
anaerobic digestion; (iv) if gaseous fuel is the required output, there are two options: when
solid biomass is available gasification (which is not yet commercially available) is the
only possibility, and when wet biomass is available anaerobic digestion is the only option;
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(v) if the required outcome is liquid fuel there are four options: esterification,
fermentation, gasification and pyrolysis. When oily feedstock is available esterification is
the best option. When sugar or starch containing feedstock is available fermentation is the
choice of technology. When ligno-cellulosic feedstock is available there are three possible
technologies like: fermentation of ligno-cellulosic feedstock, gasification and pyrolysis.
Fermentation of ligno-cellulosic feedstock is the closest to being commercialised followed
by gasification and finally pyrolysis; (vi) if the required output is solid fuel the only option
is torrefaction (close to being commercialised).
Selection of torrefied pellet process (TOP)
Among all technologies reviewed, TOP process was chosen for further feasibility analysis in
Hungary, as it was concluded from the review:
4) Top process was selected for further analysis, because its product can directly replace coal
resulting in an efficient solution for the supply chain and technological efficiency
problems of technologies like combustion, gasification and pyrolysis. Applying torrefied
pellet in combustion, gasification and in further pyrolysis all output areas (heat, power,
solid fuel, liquid fuel and gaseous fuel) of biomass energy sector can be covered and
improved without effecting food supply.
Economic feasibility analysis of TOP process in Hungary
The analysis was built up to examine the economic feasibility of an assumed torrefied pellet
plant in Hungary producing torrefied pellet for the domestic market, assuming a 10% of cofiring range in the existing coal fired power plants. After considering all the available and
potential biomass sources, wheat straw turned out to be the most suitable input for torrefied
pellet production. Szolnok has been selected as a potential location of TOP plant. The only
relevant subsidy for TOP production is Feed-in Tariff (FIT). Scenario analysis and sensitivity
analysis show the following results:
5) In the Default scenario torrefied pellet production is feasible in Hungary with positive
NPV and a relatively high IRR (23%), see table below. Also the NPV is 0 even if the FIT
(which is the most important factor that determines the project’s feasibility) decrease by
15%.
6) In the alternative scenarios only the Worst case scenario proves not to be feasible,
because in this scenario the lowest price and highest cost parameters of 2008 were used,
see table. From the other two alternative scenarios i.e. Best case and 2009 it can be
concluded that the project is highly profitable. This even holds for the specific case of
2009, during which low coal and CO2 trading prices were out weighted by the difference
between the fixed FIT and the low market price of electricity.
7) FIT is the most important factor that determines the project’s feasibility, followed by
market price of electricity and coal price. For all these factors NPV is 0 if FIT would be
reduced by 15%, market price of electricity would increase by 17% and coal price would
decrease by 24%.
8) TOP process in Hungary can be regarded as a relatively robust project as parameters can
stand a quite broad range of changes. Cost and price parameters can increase or decrease
at a relatively wide range (15-151%) resulting in a still feasible project. Project is more
sensitive in a short term perspective allowing less change (9-98%) in cost and price
parameters than in a long term perspective (15-151%).
9) From the risk perspective analyses seem to indicate that it is important for TOP plants in
Hungary (i) to control input and production costs, possibly by long-term contracts with
suppliers; and (ii) to reduce the risk of changing coal, CO2 trading price and market price
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of electricity possibly by making long-term contracts with coal fired power plants to make
the operation less risky; and (iii) furthermore attention should be paid to FIT, since this is
the only parameter that cannot be controlled by the management of both TOP plants and
coal fired power plants.
Overall conclusion
In general from the review it can be concluded that it is possible to structure and support
investment decisions related to biomass conversion technologies; and torrefied pellet
production seems to be a very promising technology. The results of the feasibility analysis
show that TOP process is feasible in Hungary and the success of the project is highly depend
on two main facts, such as: (i) how the management of TOP plant can control supply chain
matters; and (ii) uncertainty involved in the existence of FIT, which is out of the control of
management.
Some expectations
It can be expected that with the contribution of TOP process in relevant biomass supply
chains esterification (biodiesel production) and fermentation (bioethanol production) might
have been affected. It also can be expected that producers of commercial wood pellet, which
is currently used to improve biomass supply chains, might be out of business. Furthermore it
is possible that in the future other renewable energy sectors like wind and solar might be
affected as well.

Parameters:
Feedstock price (HUF/ton)
Average transportation distance (km/ton)
Amount of utility fuel needed (m3)
Coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
Market price of electricity (HUF/kWh)
Efficiency of coal fired power plants
in Hungary (%)
Economic results:
Net income (year 2011)
Operating cash flow
NPV
IRR

Default

Best case

Worst case

2009

6700
21.9

4800
10

8000
21.9

6700
21.9

3642353
130
25
25.14
23

1825000
194
30
25.15
20

3642353
77
20
25.16
25

3642353
80
7.5
25.17
10

30

50

30

30

€ 810 216 € 8 426 034 -€ 2 528 675 € 2 305 798
€ 2 652 716 € 10 268 534
-€ 686 175 € 4 148 298
€ 7 705 655 € 55 888 142 -€ 13 766 180 € 14 526 070
23%
63%
31%
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1 Introduction
1.1

Background and problem statement

Nowadays renewable energy gets more and more attention. The cause of this increasing
interest is driven by depleting of fossil fuels reserves with rising crude oil price and certain
environmental concerns like CO2 emission. Among renewable energy resources (solar, wind,
hydro etc.) biomass has a key role in the World energy supply, since biomass itself and its
secondary products (solid-, liquid-, gaseous fuels) as energy carriers can replace fossil fuels
directly. Solid biofuel (pellet, briquette, torrefied pellet) can replace coal; liquid biofuel
(biodiesel, bioethanol) can substitute petrol and diesel; biogas and synthetic gas produced
from biomass can be used just like natural gas (IEA, 2006; Sims, 2004). According to Sims
(2004) biomass as a primary input of bioenergy “can be defined as all the biological material
produced and existing within an ecological system”.
Approximately the yearly energy use of the World is 400Ej, which is 80% supplied by fossil
fuels. However, 10-15% (45 ± 10Ej) of this demand is implemented by biomass resource,
which makes biomass one of the most important energy sources. In the developed countries
the usage of biomass resource for energy production is about 9-13%, in contrast in developing
countries this number could reach a third or a fifth of their national demand. What makes the
assessment of the biomass usage inaccurate is that in developing countries a large part of
biomass use is non -commercial and used for cooking and space heating, usually by the poor,
and it is not sustainable either (Faaij, 2006). Biomass also gives a significant contribution to
reach the European Union policy targets, which are 12% renewable energy by 2010 and the
20% by 2020. The total global commercial use of biomass can be estimated to be around 16 ±
6 EJ/yr and the non-commercial use at about 29 ± 6 EJ/yr (Sims, 2004). Modern commercial
bioenergy production from biomass for power generation or transport fuels is 7 EJ/yr (in
2000) and it is growing continuously. The total production of biofuels considering both
biodiesel and bioethanol production is around 18 billion litres/yr, which is also growing
rapidly.
The total estimated potential of bioenergy can reach a yearly level of 1000 EJ, considering
theoretical energy farming (with further technological progress) on current agricultural land
which would give 800 EJ contributions, without effecting the World’s food supply. The
remaining part of this 1000 EJ could be covered by organic waste and residues providing 40170 EJ energy (Faaij, 2006).
The above mentioned bioenegy potential is 2.5 times more than the current energy need of the
world, which also indicates the importance of using biomass. Besides the energy
consequences of using biomass, its positive impacts also have to be taken into account in a
view of social, economical and environmental aspects. Bioenergy production can have an
essential role in rural development with creating more employment opportunities. Moreover,
in a sustainable manner it can provide a crucial solution for climate change and ensure
healthier life for the human society by reducing environmental damages, which is caused by
burning fossil fuels. Though, studies like Lenk et.al (2007) and Koningen (2008) with among
others are addressing concerns about raising food prices, decreasing water and land reserves
and consequences of growing subsidization which could lead to a food-feed-fuel competition.
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The utilization of this bioenergy potential and all the above stated positive aspects of
bioenergy are highly determined by national agricultural policies and its competitiveness with
fossil fuels. So far bioenergy is not competitive without governmental subsidy (except
bioethanol production in Brazil). To make major steps on this field agricultural efficiency
needs to be improved parallel with the technological development of certain biomass
conversion technologies.
From the point of investment, according to Boyle (2009) biodiesel and bioethanol industries
have grown rapidly over the last years. In 2005 the total investment in biodiesel and
bioethanol sector was $6.1bn and in 2007 this amount was $22.4bn, driven mainly by project
finance. Biomass conversion technologies like combustion, gasification, anaerobic digestion
and pyrolysis perceived as more complex and riskier than biodiesel and bioethanol
technologies. Though, certain growth of investment in biomass combustion, gasification,
anaerobic digestion and pyrolysis is also expected according to Herold (2007b).
Biomass has a major importance in changing the World’s energy supply. Since there is lot of
biomass conversion technologies and rotes with various statuses, as a possible option on this
field, it is a challenge for companies to find the most suitable one for their needs. From an
economic point of view companies have to be aware of key opportunities and barriers on this
field to exploit the advantages given by these biomass conversion technologies and to make
the best investment decisions.

1.2

Objectives and research questions

There are two main objectives of this paper. The first objective is to discover key
opportunities for companies who would like to invest in bioenergy sector by presenting a
general overview on biomass conversion technologies and pointing out economic and
technological aspects of these technologies.
After completing the first objective a particular technology will be chosen from the introduced
conversion technologies and analysed from economical point of view for Hungary in order to
find out whether this particular technology is economically feasible or not.
In order to accomplish these research objectives there are two main questions have to be
answered with some specific research questions, such as:
1. What are the key biomass conversion technologies currently deployed and
technologies that might have a key role in the future?
Specific research questions:
• Where is a particular technology used?
• Is a particular technology widely or commercially used?
• What is the available and potential biomass related to a particular technology?
• What are the risks involved in a particular technology?
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2. What are the economical aspects of the selected technology for Hungary?
Specific research questions:
• Where to specify the location for an economic analysis of the chosen technology in the
Hungary?
• How much biomass is available for the chosen technology?
• What are the cost and benefit effect of the chosen technology?
• Is there any governmental subsidy related to the chosen technology?

1.3

Outline of thesis

This paper continues by chapter 2 providing a transparent review on basic conversion
technologies and how are these technologies addressed in literature. In following,
materials and methods of economic and technological review of biomass conversion
technologies will be discussed in chapter 3. Then, the result of economic and
technological review of biomass conversion technologies and the way of technological
selection will be presented in chapter 4. Subsequently, this paper follows by the materials
and methods used for the economic feasibility analysis of torrefied pellet production in
Hungary in chapter 5. In following, the result of the economic feasibility analysis of
torrefied pellet production in Hungary in chapter 6. Finally, in chapter 7 conclusions,
discussion and recommendations for further research is provided.
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2 Basic technologies
Figure number 1 illustrates the main conversion technologies that exist or are expected to be
deployed in the near future. The main point of this figure is to show how complex and
interlinked these conversion routes are and try to simplify it an understandable way. What
makes biomass conversion technologies so complex is the capability of using different inputs,
processing it in several possible ways based on the applied technological configuration of a
basic group and finally the end result could be also different. Figure 1 shows different
pathways of various inputs through basic conversion types to the utilization of the output. In
the following section in order to help better understanding, the basic conversion technologies
will be briefly described.

Feedstock

Conversion
technology

Solid Biomass:
-forestry residues
-short rotational
forestry
-energy crops
-agricultural residues
-pre-treated biomass

Combustion

Utilisation of
the output

Solid Waste
(dry):
-municipal
-industrial

Gasification

Heat

Wet Biomass:
-organic waste
-manure
-sludge,
sewage

Pyrolysis

Power

Anaerobic
digestion

Oily feedstock

Sugar, starch
and lignocellulose
containing
feedstock

Esterification

Fermentation

Fuel

Figure 1 Conversion technologies
• Combustion
In the process of combustion biomass is burnt and the heat is utilised for heat or power
generation. In combustion any kind of solid biomass or waste can be burnt. This is the
simplest and oldest way of converting biomass to energy.
• Gasification
Gasification is a bit more sophisticated method than combustion. In this process solid biomass
or waste are heated up in the presence of limited amount of air or oxygen. The final outputs
are gaseous matters that can be used for heat and power generation or with purification of
these gases, gaseous fuel or liquid fuel can be produced.
• Pyrolysis
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Pyrolysis is also a process that can utilise solid biomass and waste. In this process the inputs
are heated at the absence of air or oxygen resulting in three types of outputs: char, gaseous
and liquid matter. Different kinds of pyrolysis processes focus on different types of output and
can be utilised in many ways. Char can be used for heat and power generation; just like the
liquid outcome of pyrolysis, in addition it can be applied as a biofuel for transportation.
• Anaerobic digestion
Anaerobic digestion is the process where wet biomass or waste in the absence of air can be
transformed by organic microbes to gaseous matter, called biogas. This gaseous matter after
upgrading can be utilised as a gaseous fuel, but most often it is used for heat and power
generation through direct combustion of the gas.
• Esterification
Esterification is the configuration technology where oil containing biomass with alcohol and
catalyst is converted into alkyl esters, called biodiesel, which is especially used as a
transportation fuel.
• Fermentation
Fermentation is the process where sugar (starch and lingo-cellulose) containing biomass can
be fermented by yeast into ethanol. This ethanol is referred to as bioethanol and applied as
transportation fuel.
In different studies and literature several ways of grouping biomass conversion technologies
can be found. Literature often differentiates conversion technologies into two parts such as
biomass conversion technologies (combustion, gasification, pyrolysis and anaerobic
digestion) and biofuel producing technologies (esterification and fermentation). Biomass
conversion technologies are often referred as technologies that produce bioenergy in a form of
heat and power, and biofuel technologies are usually regarded as biodiesel or bioethanol
producing routes. This separated grouping can be found in the New Energy Finance database.
However the feedstock needed to produce biofuels is still biomass. Since, according to Sims
et al. (2004), biomass can be defined as all the biological material produced and existing
within an ecological system. Furthermore as it can be seen from the above stated utilisation of
different output of basic technologies, at present when there is a lot of innovation on this field,
the strict line between biomass conversion technologies and biofuel technologies seems to
have disappeared.
In the report of Herold (2007a) biomass conversion technologies like combustion,
gasification, pyrolysis and anaerobic digestion are illustrated only according to their heat and
power application. Even though, all the previously stated technologies (except combustion)
have other utilisation pathways since via these technologies gaseous, liquid or solid fuel
production is also possible.
In other literature, like in the report made by Worldwatch Institute (2007) the new pathways
of biofuel production are discussed such as gasification, pyrolysis and hydrolysis (pretreatment technology applied for lingo-cellulosic feedstock before fermentation). In this case
heat and power implementation of pyrolysis and gasification are not mentioned. However,
this report was only focusing on liquid fuels ignoring solid fuel production from pyrolysis and
gaseous fuel generation from gasification. Moreover esterification is also not considered in
the report.
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Faaij (2006) presented the more complex overview on biomass conversion technologies
(comprehended biofuel technologies) including all the possible utilisation forms of various
technological outputs.
With the purpose of better transparency, Figure 1 is also representing a complex overview on
various conversion technologies in a more simple way than it was showed in any other
literature. The main difference is that there is no stage between the basic technology and the
utilisation of the output since it would make the figure even more complicated. What also
defers from other demonstrations that the focus of collecting the basic conversion
technologies was based on the essence of a conversion route. That is the reason why
esterification is stated instead of extraction (was used in the study of Faaij 2006), since the
liquid biofuel called biodiesel is produced via esterification and extraction can be just
considered as a pre-treatment technology of it.
Even though Figure 1 is showing six different ways of basic conversion technologies and
three different ways of utilisations of the output, it is important to realise how the energy is
released at the end of each and every conversion routes and technologies. This final
conversion happens via combustion. The biomass is converted into energy carriers like
gaseous, liquid and solid fuels which are finally combusted to generate energy for heating,
electricity and transport. This can be seen on Figure 2 illustrated below.

Conversion
technology

Gasification

Output type

Esterification

Anaerobic
digestion

Gaseous

Fermentation

Liquid

Energy is
released via

Combustion

Figure 2 Final energy generation
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Pyrolysis

Solid
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3. Materials and methods for the economic and
technological review of biomass conversion technologies
Based on extensive literature review, New Energy Finance Database and experts` opinion an
overview is created indicating the basic technologies and their sub groups and analysed them
using descriptive variables that are used to introduce a certain sub group of a basic conversion
technology. This overview is used to support the selection of one particular technology that is
further analysed in the second phase of this research.

3.1

Categorization and evaluation of technological selection

From the output point of view this report generally covers the basic biomass conversion
technologies that are originally used for heat and power generation and with the success of
current innovation can be used for biofuel production such as combustion, gasification,
pyrolysis and anaerobic digestion. Conversion technologies that are originally used for biofuel
production are also represented involving esterification and fermentation. These basic
conversion technologies already can be found on the market or will be soon deployed in the
near future.
This report does not cover technologies that are used as a pre-treatment technology of the
basic conversion technology such as wood pellet and briquette production. And complex
technologies like bio-refineries are also not covered in this report.

3.2

Descriptive variables

In this section a brief description is provided about the evaluation criteria that are applied to
introduce certain technologies and their sub groups. Three types of evaluation criteria can be
distinguished such as general variables, technical variables and economic variables.
General variables:
Basic technology: is the technology that provides the essential technological characteristics of
a technological group.
Description of basic technology: gives a concise introduction how the basic technology
works.
Sub group: is the technology that falls under a certain category of the basic technology, and
represents different configurations or applications of the basic technology.
Description of sub group: shows a brief description on what is meant under that particular sub
group. What the essential technological characteristics of the sub group is.
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Technical variables
Main technological component types: represent the various possibilities of technological
designs and modes (for example furnace types, or rector types) of a sub technology.
Pre-treatment technologies: are technologies required to process the input biomass before the
final conversion in order to make the basic technological process more effective.
Inputs: shows the main type of biomass that can be processed in the conversion technology.
Available and potential biomass: represent the possible biomass component disposal that can
be processed via a particular conversion technology.
Outputs: are the energy carrying outcomes and by-products of a certain technology.
Usage of the end product: shows different ways of utilization of the energy carrying output of
a certain technology.
Factors affecting the technology: are technological variables that have key roles in the
operation of a certain technology.
Technical efficiency: provide information on how much energy is released on combustion of a
given quantity of fuel (ANL, 2008)1.
Economic variables:
Status of the technology: shows in which stage of development a certain technology is. The
status of a technology can be commercially available, demonstration and pilot.
Improvement drivers, technological challenges: are the main parameters that still have to be
changed, improved and solved in the future to make a certain technology more efficient and
competitive.
Main geographical areas: can be countries, regions or continents where a certain technology is
widely applied or research has been carried out in a particular stage.
Environmental advantages: description of environmental advantages provided by a certain
technology.
Main cost component: presents the main cost parameter/s of production.

1

“The lower heating value (LHV)(also known as net calorific value) of a fuel is defined as the amount of heat
released by combusting a specified quantity (initially at 25°C) and returning the temperature of the combustion
products to 150°C, which assumes the latent heat of vaporization of water in the reaction products is not
recovered” (ANL, 2008).
“The higher heating value (HHV) (also known as gross calorific value or gross energy) of a fuel is defined as the
amount of heat released by a specified quantity (initially at 25°C) once it is combusted and the products have
returned to a temperature of 25°C, which takes into account the latent heat of vaporization of water in the
combustion products” (ANL, 2008).
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Typical capacity range: shows the most often applied capacities representing it as a range for
a certain technology in a particular unit.
Investment cost ranges: represent the cost range of investment in Euro per a particular unit
(that used to present the capacity) of the technology.
Cost per unit of production: is the cost of the energy carrying output of a certain technology
per a particular unit.
Market risks and barriers: provide different risk factors that might have an effect on the
further lifecycle of the technology.
Value chain component: gives a general overview about the different actors of the supply
chain and their connection with a certain technology.
Companies: companies are showed as an example based on the main geographical area
discovered from literature to indicate which companies are active on that field. The company
selection has been done with the help of New Energy Finance database. In some cases what
was indicated in the literature as a main geographical area and what can be found in the
database have not given the same result. Countries were taken into account based on literature
where the conversion technology (or its sub group) is widely applied or researched.
Furthermore the company selection was driven by criteria of commissioned projects, large
scale plants and companies involved in more projects. Where the project is not commissioned
the status of the project is also indicated.

3.3

Criteria for technology selection

After creating a general overview about the biomass conversion technologies with the help of
descriptive variables suitable criteria will be chosen in order to support the selection of a
certain conversion technology for further analysis.
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4. Economic and technological review of biomass
conversion technologies
4.1

Combustion

Since the simple burning of biomass is applied from mankind, combustion is one of the oldest
biomass conversion technology (Klass, 1998). It is not only the oldest technology but also the
most common way to convert biomass into energy (Herold, 2007a). More than 90% of the
World’s primary energy supply is converted by applying combustion (Sims et al., 2004). It is
well understood, commercially available and can be regarded as a proven technology (Herold,
2007a). The essence of this technology is to burn some kind of fuel in the presence of oxygen
from air to release the chemical energy as heat in burners, boilers, internal combustion
engines and turbines (Sims et al., 2004). This report distinguishes three sub groups of
combustion. The first one is district heating and CHP (combined heat and power) application,
the second one is large scale combustion of biomass and the third one is co-combustion (or
often referred to as co-firing). Technological and economic parameters of combustion can be
seen in Table 1 and Table 2.

Table 1 Technological parameters of combustion
Sub group

Main technological
component types

PreInputs
treatment
technologies

District heating combustion boiler types:
pelletisation,
and CHP
-pile burners
drying and
-grate boilers
dewatering,
-suspension fired boilers size reduction,
-bubbling fluidized beds
densification
-circulating fluid beds
Larger-scale
combustion of
biomass

Co-combustion

Available and potential Outputs Usage of Technical
biomass
the end efficiency
product

biomass
municipal solid waste, heat,
and
industrial waste, wood, power
waste
wood chips, straws, stalks,
shells, nuts, cereal crops,
bagasse, rice husks,
biomass forestry residues, pulp and power
paper industry residues,
and

heat,
power

overall:
60-90% (LHV
basis)

IEA 2007 a, Klass
1998, Sims et al.
2004, Faaij 2006,
Junginger 2008

power

electrical
efficiency:2040%,
overall: 80100% (LHV
basis)

IEA 2007 a, Klass
1998, Sims et al.
2004, Herold
2007 a,
Junginger 2008,
Faaij 2006,

heat,
power

electrical
efficiency: 3040%, (LHV
basis)

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a,
Junginger 2008,
Faaij 2006,

waste

coal and
biomass

heat,
power,
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Table 2 Economic parameters of combustion
Sub group

Status of the Main
Typical
technology
geographical capacity
areas
range

Typical
Cost per unit of Companies
investment production
cost range

References

District heating commercially
and CHP
available

Scandinavian
countries,
Austria,
Denmark,
Germany,
France

-0.1-1 MWe N.A.
Stirling
engine CHP
-1-10 MWe
CHP in
general
-3.2-235
MW (Finland,
Sweden,
100`s MW
not in
operation
yet)

8.4-11.4 €c/kwh
(plant size <3kW,
with stirling
engine)

-AANEVOIMA OY, CHP, Finland
-Electrowatt-Ekono Ltd., CHP, Finland
-Simpson Tacoma Kraft Company LLC, CHP, USA
(under construction)
-Lake County Resources Initiative (LCRI), CHP, USA
(announced/planning begun)
-Caithness Energy LLC, CHP+district heating, UK,
-DONG Energy A/S, CHP+district heating, Denmark,
-ItalGreen Energy srl , CHP, Italy,
-Fortum Corp,CHP+district heating, Finland
-National Bio Energy Co Ltd (formerly Guoneng
Biomass Power Ltd.), CHP+district heating, China
-Groupe Tiru , CHP, France

IEA 2007 a, Klass
1998, Sims et al.
2004, Faaij 2006,
Junginger 2008,
NEF

Larger-scale
combustion of
biomass

Germany,
Netherlands,
Finland, USA,
UK,

-20-100
MWe

6.2-10.5
€c/kWh(plant
size >100 MW)

-Covanta Energy Corporation (formerly Ogden
Martin Systems of Hillsborough Inc), mainly waste
treatment, but involved in stand-alone biomass
plans, USA
-Wheelabrator Technologies Inc, mainly waste
treatment, but involved in stand-alone biomass

IEA 2007 a, Klass
1998, Sims et al.
2004, Herold
2007 a,
Junginger 2008,
Faaij 2006, NEF

commercially
available

2500-1600
€/kW

plans, USA
-Fortum Corp, stand-alone biomass plan, Finland
-Coastal Carolina Clean Power (CCCP), stand-alone
biomass plan, USA
-Laurentian Energy Authority, stand-alone biomass
plan, USA
-Drax Group Plc, (announced/planning begun),
stand-alone biomass plant, UK

Co-combustion

4.1.1

commercially
available

Europe, USA

-10-50 MWe
in general
-60-500
MWe
(Denmark,
UK)

~250
€/kW+costs
of existing
power
station

3.8-4.5 €c/kWh
(plant size >100
MW)

-Alliant Energy Interstate Power and Light
Company,(annonced/planning begun), co-firing, USA
-Energi E2 A/S, Vattenfall AB, co-firing, Denmark
-Drax Group Plc, (Partially commissioned), co-firing,
UK
-DONG Energy A/S, Peel Holdings Limited
(announced/planning begun), co-firing, UK
-Essent N.V., co-firing, Netherlands

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a,
Junginger 2008,
Faaij 2006, NEF

District heating and CHP

District heating and CHP application can be regarded as decentralised, small-scale local use
of combustion for colder climate countries. This technology is widely applied in Scandinavian
countries, Austria, Germany and less significant in France. At the early stage application of
this sub technology coal was used as a major input, but later on with technological innovation
(increasing electrical efficiency, lower cost) and with developing biomass market forestry
residues and straw took over its place. Since it is usually applied in local areas it has an
essential contribution to rural development by providing employment and reducing energy
expenditures. Though, as a result of high labour costs and higher efficiency needs automation
is increasing. Besides reaching higher efficiency, scaling up of CHP application is the main
goal (Faaij, 2006). In Finland and in Sweden plants with 100’s of MWe capacity have been
announced and under construction (NEF). The currently installed capacity range is between 110 MWe in general.
4.1.2

Large scale combustion of biomass

Large scale combustion of biomass can be considered as centralised, purely biomass fired
application of combustion, but in literature it is often treated together with waste incineration,
since in some cases there is no clear line between waste and biomass (Klass, 1998, Sims et al.,
2004, Faaij 2006, NEF). The key input sector for large scale combustion of biomass (or
waste) is residue from pulp and paper industry in form of black liquor (Faaij, 2006). In
Europe the main application of waste/biomass-to-energy technology was mass burning,
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according to experts this is going to change to separated waste treatment in the future in view
of the fact that the increase need for higher efficiency and to supply the needs of niche
markets. But, on the other hand Finland is developing technologies like Bubbling Fluidised
and Circulating Fluidised Bed (CFB) boilers (see below) with high fuel flexibility, lower
investment cost, higher efficiency, which can be used in large scale plants (Faaij, 2006). The
typical capacity range of a biomass combustion plant is 20-100 MWe, but there are certain
attempts for reaching higher capacity. As an example, Drax is an English company, operating
the largest coal-fired power plant in the UK who is planning to built three 300 MWe biomass
fired power station (Greenwood, 2008).
4.1.3

Co-combustion

Co-combustion or often called co-firing can also be considered as centralised, large scale
application of combustion, but the main input in this case is coal and only 5-10% of the total
input is biomass (mainly wood chips and wood pellets). What makes this technology very
attractive is the low investment cost, since it is used in existing, often fully depreciated coal
fired power plants, and biomass as an additional input helps to reduce GHG emission with the
direct replacement of coal. A challenge is to increase the usage of biomass as it causes lower
efficiency and feeding line problems (Faaij, 2006). In the European Union it was considered
to be the back bone of biomass usage and it is supported by carbon emission trading schemes
and feed in tariff system. Typical capacity range in general is between 10-50 MWe but for
new multi-fuel power plants it could be higher. In Denmark and in the United Kingdom
building of co-fired power plant with capacity of 500 MWe is announced (NEF).
4.1.4

Combustion boiler types

For power production five major types of combustion boilers can be distinguished according
to Sims et al. (2004) such as pile burner, grate boilers, suspension fired burner, fluidized beds
and circulating fluidized beds.
In essence Pile burner can be explained as a kind of an enclosed fire, which is an oldfashioned technology used for biomass combustion nowadays as well. This configuration is
basically a two-stage combustion chamber with separate furnace and boiler located above the
secondary chamber. In the first chamber the air to the combustion is coming from the floors
and lower wall, and a secondary air stream is injected over the pile to carry the burning gasses
to the second combustion chamber. The combustion chamber is fed by the top and it results
uneven combustion and raised emission. As a solution for this problem wet cell burners were
applied, which means the chamber is fed at the bottom, but it caused complexity and lower
reliability. Pile burner has low efficiency and cyclic operating characteristics (because of ash
removal), which makes it less attractive, but it can deal with wet and dirty (not homogeneous,
containing leaves, heavy metal etc.) biomass. These burners have an average size of 10-15
MWth (Sims, 2004)
Grate boilers are the improved version of pile burners as it has moving grate application to
collect ash which eliminates the cyclic operation of pile burner and provides better efficiency.
Grate boiler has a capacity range of 20-300 MWth.
Suspension fired boilers is quite rare for biomass combustion because it requires separated
materials (smaller than 1 mm particle size) with low moisture content, which makes this
15

technology expensive for biomass application. But it is used for burning residues from
furniture manufacturers with a capacity range of 10-30 MWth.
Bubbling Fluidized Bed (BFB) works with a mixture (emulsion) of solid and air fraction. In
the fluidized bed the air passes upwards through a bed of free-flowing granular materials
(sand, alumina and olivine) in which the air velocity is large enough that the solid particles are
separated and circulate freely in the bed with the biomass. As a result, fluidized-bed
combustor has good mixing and heat transferring characteristics providing a very uniform bed
condition and high efficiency. Air is ensured by series of sparge turbines; biomass could be
fed at the top or at the bottom of the bed as well.
Circulating Fluidized Bed (CFB) operates almost the same way as the bubbling fluidized bed
but with increased air flow resulting in large air bubbles that form large voids in the bed and
entraining substantial amounts of solid in the bed. The major difference between BFB and
CFB is that there is no distinct separation between the dense solid zone and the dilute solid
zone. The main advantage of CFB is the ability to handle various feedstocks with moisture
content.
The main challenge as can be seen from the above described boiler types the key issues are to
increase efficiency, in the sense of capability to burn all kinds of biomass with different
moisture content and particle size, and to increase heat transfer in order to reach higher
thermal and electrical efficiency. In general when biomass is used additional chemicals like
N, P, K, S and Cl represent a challenge for combustion engineering technology in a form of
fouling, deposition, slagging and corrosion of the internal burner structure and heat transfer
surface.
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4.2

Gasification

Gasification is a thermo-chemical process. The essence of this technology is that the biomass
is heated at the presence of limited amount of oxidizing agent (oxygen, steam, carbon dioxide
or the mixture of these). As a result of gasification gaseous products are created mainly
consisting of hydrogen, methane, carbon monoxide and carbon dioxide. When oxygen or
steam is used as an oxidizing agent the gaseous product called synthesis gas (syngas), while
simple air is applied it is called producer gas. These gaseous products can be used for heat
and power generation or for gaseous and liquid fuel production (Klass, 1998). It is preferred
that the biomass has to be dried and particulated before it is gasified. For gasification the
restricted level of oxygen (containing the oxygen in the feedstock) has to be less than 30%
(Sims et al., 2004). Three main types of biomass gasification will be discussed (small scale,
large scale and gasification for co-firing), followed by the elaboration of fuel production using
gasification. Technological and economic parameters of gasification can be seen in Table 3
and Table 4.

Table 3 Technological parameters of gasification
Sub group

Main technological
component types

Pre-treatment
technologies

Inputs Available and Outputs Usage of the end product Technical
potential
efficiency
biomass

Smaller scale 3 major type of biomass
gasification gasifiers:
-up-draft (countercurrent) fixed bed
-down-draft (co-current)
fixed bed

CH4, H2, heat and electrical power
CO, CO2, generation,produce low and
medium energy fuel gases,
H2O,
synthesis gases for
manufacturing chemical or
hydrogen

electrical
efficiency: 1520%, (LHV
basis)
overall:80-90%

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a, Faaij
2006,

Larger scale
gasification

CH4, H2, heat and electrical power
CO, CO2, generation,produce low and
medium energy fuel gases,
H2O,
synthesis gases for
manufacturing chemical or
hydrogen
CH4, H2, heat and electrical power
CO, CO2, generation,
H2O,

electrical
efficiency:
40%, (LHV
basis)

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a, Faaij
2006,
Faaij 2006,IEA
2006

Gasification
for
co-firing

pelletisation, drying biomass municipal solid
and dewatering,
waste,
size reduction,
industrial
densification
waste, wood,
wood chips,
straws, stalks,
shells, nuts,
-circulating fluidized bed pelletisation, drying biomass
cereal crops,
(CFB)
and dewatering,
bagasse, rice
size reduction,
husks, forestry
densification
residues, pulp
and paper
industry
pelletisation, drying coal +
residues,
and dewatering,
biomass
size reduction,
densification

References
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N.A.

Table 4 Economic parameters of gasification
Sub group Status of the Main
Typical
technology geographical capacity
areas
range

Typical
Cost per unit of Companies
investment production
cost range

Smaller
commercially Finland, India, -<100 kWth- 3000-1000
€/kW (when
scale
available
Netherlands
few MWth
gasification
-0.1-1 MWe CHP engine
(when CHP is used)
gas engine is
used)
-indicated
companies: 115MW
Larger
demonstration Italy, Austria, -over
5000-3500
scale
Sweden,
several 10`s €/kW (when
gasification
Germany,
MWth,
BIG/CC)
USA,UK, Brazil, -30-100
MWe (when
BIG/CC)

Gasification pilot
for
co-firing

4.2.1

Finland,
Netherlands

N.A.

N.A.

References

8.4 €c/kWh
(when CHP
engine is used)

-Arashi Hi-Tech Bio-Power Pvt. Ltd. (AHBPPL), India
-Aurobindo Agro Energy Pvt Ltd. (AAEPL), India
-Acclaim Technology Services (ATS), India
-Shriram Energy Systems Ltd. (SESL), India
-West Bengal Renewable Energy Development
Agency (WBREDA)
-Babcock & Wilcox Volund A/S, Denmark
-Host (chiken manure gasification), Netherlands

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a, Faaij
2006, NEF

6.6-9.3 €c/kWh
(plant size 10100 MW and
turbine or engine
are used)
6.4-10.9 €c/kWh
(BIG/CC)

-Biomass Gas & Electric LLC (BG&E), (permitted)
IG/CC, USA
-Philmet Capital Group LLC, Wastech Inc (formerly
Corporate Vision Inc), USA
-Environmental BioMass Energy (EBE),(Announced /
planning begun), USA
-Biomass Gas & Electric LLC (BG&E), Greenleaf
Environmental Solutions, (Financing secured / under
construction), USA
-Bull Moose Energy LLC, (permitted), USA
-Xcel Energy, (Announced / planning begun), USA

IEA 2007 a,IEA
2006, Klass
1998, Sims et al.
2004, Herold
2007 a, Faaij
2006, NEF

N.A.

-Nuon, Netherlands

Faaij 2006,IEA
2006

Small scale application of gasification

Small scale application of gasification has a capacity range of 100 kWth up to a few MWth,
usually supported by down-draft or up-draft fixed bed gasifiers. It is widely used especially
for heat production. In Finland gasification for heat production has a major role while it is a
strong competitor of combustion. Gasification used for heat and for electricity production is
also commercially available and it is quite successful in India as a rural development tool,
though the electrical efficiency (because of tar removal problems) of this implementation
needs to be improved. For electricity production fuel cells and micro-turbines could be the
break trough (Faaij, 2006). Countries like Denmark, the Netherlands, Switzerland and India
are more interested in small scale application types (Sims et al., 2004). As it was mentioned
above small scale implementation of gasification usually combined with up-draft and downdraft gasifiers.
Up-draft gasifier design is especially used for heat production. In this application biomass is
fed at the top and air is at the bottom of the gasifier. The air flows upwards through the hot
bed of charcoal resulting in gasification and carries up the gaseous products. It has relatively
high thermal efficiency and it can deal with wet biomass up to 50% of moisture content. The
main disadvantage is that it cannot be used for electrical power generation since it`s electrical
efficiency is too low because of the large amount of tar (gas cleaning is needed).
In Down-draft gasifier both the biomass and the air is fed at the top of the gasifier. The gas
produced with this method is relatively clean (containing less tar) therefore this can be used
for electrical power generation. However problems still occur around tar removal. This
gasifier type is only able to handle a narrow range of fuel size with low moisture content
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(<25%). It has a special throat design which has an important role in reducing the tar content,
but this design is also the main barrier of scale up-draft gasifier up. Steam or water injection is
not commonly applied in these gasifiers since the combined moisture in the fuel and the
humidity of the air are satisfactory for hydrogen generation (Sims et al., 2004).
4.2.2

Large scale application of gasification

Large scale application of gasification usually works with Circulating Fluidised Bed gasifier
at a capacity level of several 10`s of MWth to generate producer gas and heat for example in
Italy, Austria, Sweden and in Germany (Faaij, 2006). Using the design of Biomass Integrated
gasification/Combined Cycle (BIG/CC) for power production the capacity range can be
increased between 30-100 MWe. BIG/CC uses more than one thermo-dynamical cycle; the
first gasification unit produces syngas and then the waste heat is used to make steam used by a
steam turbine. This combined cycle can improve the electrical efficiency up to 60% (where
the electrical efficiency of combustion and other types of gasification is roughly between the
ranges of 10-35% (Herold, 2007a). It is not in commercial use yet, but it`s economics is likely
to improve. The first BIG/CC was put into operation in Sweden using straw as an input. In
CHP (combined heat and power) mode, BIG/CC is competitive using black-liquor from the
paper and pulp industry (IEA, 2007a). Other demonstration projects were instigated in Brazil,
United Kingdom and in the USA. In spite of its promising efficiency parameters the main
problem with commercialization is the high capital cost (5,000-3,500Euro/kWe). Moreover
pre-treatment and tar removal have to be improved as well. As a result of these issues risk–
averse energy sector prefers the proven combustion. But once the desired capital cost is
reached, BIG/CC will be economically feasible and highly competitive among biomass
conversion technologies (Faaij, 2006).
Circulating Fluidised Beds are the most common used gasifiers for large scale gasification
(BIG/CC) as it was indicated above. It has the same basic concept as described under the
chapter of combustion. The main advantage of this gasifier is the ability of scaling up.
Furthermore, it can deal with wet biomass of different size (<6mm) and the tar content of the
gaseous product is minimised, though further gas cleaning is required (Sims et al., 2004).
4.2.3

Gasification for co-firing

Gasification for co-firing is also a possibility of efficient usage of gasification in existing coal
fired power plants, though no demonstration project were made so far in this field, but there
research is carried out in the Netherlands and in Finland (Faaij, 2006).
4.2.4

Gasification for fuel production

Syngas produced by gasification can be converted to methanol, Fischer- Tropsch liquids,
DiMethilEther (DME) and hydrogen. To reach all these fuels the syngas has to be very clean.
Biofuel production via gasification is not yet commercially applied; however countries like
France, Sweden, Germany and Finland are involved in its research. The main barrier in front
of commercialization is the challenge of gas cleaning, scale-up problems and process
integration (Faaij, 2006). Fuel can be produced via all the above mentioned sub groups (small
scale application, large scale application, gasification for co-firing)
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4.3

Pyrolysis

Pyrolysis is a thermo-chemical process where biomass is heated in a relative absence of air or
oxygen. There are three major types of products of pyrolysis depending on the process
conditions: bio-oil (liquid fuel), char (solid fuel) and non-condensable gas (gaseous fuel)
(Sims et al., 2004). The interesting thing about pyrolysis is the fact that this is the only
conversion technology that can produce solid energy carriers with roughly the same
characteristics as coal. There are two main types of pyrolysis such as traditional pyrolysis and
modern pyrolysis. Traditional pyrolysis has the applied temperature range of 400- 600 ºC and
the main output is charcoal. In developing countries brick, metal and concrete kilns are the
most used technological configurations. For commercial production of charcoal retort
furnaces are employed in industrialised countries (Sims et al., 2004). Two modern types of
pyrolysis will be further elaborated below, fast/flash pyrolysis and torrefaction. Technological
and economic parameters of pyrolysis can be seen in Table 5 and Table 6.
Table 5 Technological parameters of pyrolysis
Sub group

Main technological Pre-treatment Inputs
component types
technologies

Available and
potential
biomass

Outputs

Usage of the end Technical
product
efficiency

Fast/flash
pyrolysis

-fluidized bed
-ablative fast
pyrolysis,
-rapid thermal
processing,
-vacuum pyrolysis,
-rotating cone
reactor,
-entrained flow
reactor

pelletisation,
biomass
drying and
and
dewatering, size waste
reduction,
densification

wood, wood chips,
straws, stalks,
shells, nuts, cereal
crops, bagasse,
rice husks,
forestry residues,
pulp and paper
industry residues,

charcoal,
gas (CO,
CO2, H2),
bio-oil,

substitute for
standard fuel oil in
many applications
such as boilers,
engines, and
turbines, or it can
be processed to
produce gasoline
or diesel

60-70% heat
content of
biomass
oil/feedstock
(LHV basis)

Klass 1998,
Sims et al. 2004,
Faaij 2006, Uslu
2008,

drying and
biomass
dewatering, size and
reduction,
waste
densification

wood, wood chips, torrefied
straws, stalks,
biomass
shells, nuts, cereal
crops, bagasse,
rice husks,
forestry residues,
energy grass

can be used in
combustion, in
further pyrolysis
and in gasification
for combined heat
and power or
Fischer-Tropsch
liquids

88-92%
(overall, LHV
basis, in
combination
with
pelletisation)

Uslu 2008,
Bergmann and
Kiel 2005, Kiel et
al. 2008,
European Pellet
Center 2008,
Poldervaart J.,
2008, Polow
Energy Systems

Torrefaction

-moving bed
-torbed

References

Table 6 Economic parameters of pyrolysis
Sub group

Status of the Main
technology
geographical
areas

Typical
capacity
range

Fast/flash
pyrolysis

demonstration/ Spain, Canada, -100`s
close to
UK, USA, Italy, kWth
commercially Germany,
-10`s
available
mLpa

4.5-11.5 M€
75-150€/ton
(25 MWth plant) (6-12 €/GJ)

-BEST Energies Inc, (Financing secured / under
construction), USA
-Lurgi AG, Research Institute Karlsruhe,
(Financing secured / under construction), pilot,
Germany
-Dynamotive Energy Systems, Canada
-Dynamotive Energy Systems, (Announced /
planning begun), USA

Klass 1998,
Sims et al. 2004,
Faaij 2006, Uslu
2008, NEF

Torrefaction

demonstration/ Netherlands,
close to
USA
commercially
available

5.2-7.5 M€
(30-40 MWth)

-Ecocern, ECN, Chemo (Announced/planning
begun),
Netherlands
-Topell (Announced/planning begun),
Netherlands

Uslu 2008,
Bergmann and
Kiel 2005, Kiel et
al. 2008,
European Pellet
Center 2008,
Poldervaart J.,
2008, Polow
Energy Systems

30-40
MWth

Typical
investment
cost range
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Cost per
Companies
unit of
production

40-56 €/ton

References

4.3.1

Fast pyrolysis

Fast pyrolysis (often called flash pyrolysis) is a process where biomass is rapidly heated in the
absence of oxygen with temperature controlled around 500 ºC to produce pyrolysis oil (biooil). The requirements of this technology are that the biomass has to be finely particulated and
have lower moisture content than 10%. Bio-oil can be used in turbines and boilers, or it can
be further processed to produce gasoline and diesel (Sims et al., 2004). Pyrolysis and the
related technologies applied to upgrade bio-oil are largely in demonstration phase because
economic and efficiency problems occur with upgrading. Fast pyrolysis receives increasing
attention as technology having a major role for long distance transport, since its output, biooil compared to unprocessed biomass reduces transportation costs, has higher energy density,
homogenous and can be used in further conversion technologies such as combustion and
gasification. So far fast pyrolysis is less developed than gasification (Faaij, 2006)
Dynamotive Energy Systems, a Canadian company, has a leading role in the
commercialization of biomass fast pyrolysis technology (NEF). According to experts
pyrolysis is widely applied as a waste treatment technology for plastic in Poland.
Reactor configurations
Fast pyrolysis has been operated with several reactor configurations but fluidized bed is the
most common application since it is easy to operate, reliable, producing high yields of bio-oil
and it has the scaling up advantage. Unfortunately there are some disadvantages of fluidized
beds, like the requirement for very small feedstock size (1-2mm), and the efficiency of the
heat supplied (some configurations can use the fluidized gas produced during the pyrolysis
process for preheating, but in this case recycling of this gas causes scale up difficulties) (Uslu,
2008).
There are other possible types of reactor such as ablative, rotating cone and vacuum reactors
with different pros and cons. Ablative reactor can deal with feedstock size of 20 mm, but it
increases the risk of erosion. Vacuum reactor produces very clean bio-oil, but the yield of this
oil is low. Rotating cone has the advantage of scaling up to 200 kg/h and the recovery of oil is
easier comparing it to the other reactors (Uslu, 2008). No technological configuration can yet
be defined as ‘best’ (Sims et al., 2004).
4.3.2

Torrefaction

Torrefaction as a conversion technology is usually mentioned separately from pyrolysis in the
literature. Though, torrefaction is pyrolysis process since biomass is heated up in the absence
of oxygen. The main difference between torrefaction and other pyrolysis processes is the
temperature range. With torrefaction, pyrolysis is being done at the temperature range of 200300-400 ºC. Torrefaction is carried out at near atmospheric pressure with low particle heating
rate (< 50 ºC /min). The outcome of this process is a solid, decomposed biomass called
torrefied biomass. The energy content of the torrefied biomass depends on the torrefaction
temperature, reaction time and the type of the biomass. It can deal with all type of lingocellulosic feedstock (Bergmann and Kiel, 2005). Torrefied biomass is a porous product with
low density, which calls for further densification in order to support long distance transport.
This issue is to be solved with pelletisation by the Energy Centre of the Netherland among
others. As a result of applying pelletisation for torrefied biomass the final product is called
torrefied pellet. Torrefaction is also not commercially available yet but with the combination
of pelletisation (TOP process: Torrefaction and Pelletisation) it is expected to be
commercialised in the near future (Uslu, 2008). Torrefied pellets still contain a bit lower
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energy density (18 GJ/m3) than coal (20.4 GJ/m3) but higher than commercial wood pellet (9
GJ/m3). It is hydrophobic, homogeneous; all fibrous biomass can be used not just wood as it is
with wood pellet; it has similar storage and logistics characteristics like coal (Mitchell et al.,
2007). Producing torrefied pellet via torrefaction is the only conversion route that is able to
create a product that can replace coal, since torrefied pellet has more or less the same
characteristics like coal, but torrefied pellets are far cleaner than conventional coal and
contain far lower sulphur, nitrogen and chlorine when it is made from woody biomass. As
further consequence of the fact that torrefied pellet can replace coal provides extra
advantages: it can be used in combustion, in further pyrolysis and in gasification for combined
heat and power or Fischer-Tropsch liquids (Uslu, 2008; Hopkins and James 2008). It can also
have a key role in the steel industry by replacing coke. Based on the above mentioned
characteristic of torrefied pellet, it can be the key pre-cursor for bio-energy supply. A study
from Uslu et al. compares the whole supply chain of wood pellet, pyrolysis oil and torrefied
pellet. The result of this study also confirms the potential of torrefied pellet. With further
development and commercialization it is a very promising technology.
Torrefaction reactor types:
Moving bed reactor: biomass is directly heated up with the help of moving particles in the
bed, and torrefied biomass is produced. The reactor is utilising both natural gas and
torrefaction gas, which is generated during the torrefaction process. This torrefaction gas
needs to be heated up and re-pressurised after each cycle before providing heat for the
torrefaction process and for the pre-drying process of biomass (Bergmann and Kiel, 2005). It
offers good temperature control, relatively high heating and feed rate, and feedstock
flexibility. Moving bed reactor provides a low cost option and minimise the investment cost
as well (Kiel et. al., 2008). But there are certain problems with pressure drops in the bed and it
is difficult to scale up (Poldervaart, 2008).
Torbed: in this reactor type there is no moving particles in the bed, the biomass is heated up
by inert gas which is blown trough the blade ring. The angle position of the blades provides a
rotating movement in the reactor chamber which gives a good mixture of biomass and air. As
a result high and efficient heat transfer and drying is possible with very short residence time
(measured in minutes or even in seconds). The reactor is also combusting torrefaction gases
for process heat which provides a high range of energy efficiency. Highly efficient heat
transfer, short residence time, heat recycling and heat recovery, and no moving part in the
reactor offer outstanding economics (Polow Energy Systems). Torbed requires low
maintenance costs, can deal with a big variety of particle size and simple to scale up
(Poldervaart, 2008).
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4.4

Anaerobic digestion

Anaerobic digestion is a conversion technology where wet biomass and wet organic material
in the absence of oxygen can be transformed by anaerobic microbes (bacteria) to gaseous
fuels called biogas (Reith et al. 2003). Anaerobic digestion is commercially applied and
widely spread all over the world. 40% of the anaerobic digestion systems are applied in
Europe, 12% is in the USA and the rest is in the third world countries (Sims et al., 2004).
Biogas as the end product of anaerobic digestion is a mixture of methane (55-75 vol %) and
carbon dioxide (25-45 vol %) that can be used for heating, upgrading the natural gas quality
and for combined heat and power. Anaerobic digestion has four main phases each requiring
own specific micro-organism.
The four phases are: `Hydrolysis: conversion of non-soluble biopolymers to soluble organic
compounds; Acidogenesis: conversion of soluble organic compounds to volatile fatty acids
(VFA) and CO2; Acetogenesis: conversion of volatile fatty acids to acetate and H2;
Methanogenesis: conversion of acetate and CO2 plus H2 to methane gas`. The biogas yield
differs with the type of the feedstock and the process conditions (Reith et al. 2003). Usually
the digesters operate at the temperature range of 30-40 ºC (mesophilic condition) or 50-60 ºC
(thermophilic condition). It can be generalised that the higher the temperature the higher the
gas yield and the longer the retention time (the time the biomass is kept in the digester) the
higher the gas yield as well.
Anaerobic digestion occurs under wet condition; nevertheless according to the total solid
content of the biomass two different types can be distinguished: wet state digestion (total solid
content < 20%) and dry state digestion (total solid content 20-40%). Normally the higher the
solid content the more biogas can be produced, but microbes will not work in completely dry
environment. To increase the solid content in order to reach higher gas yield co-digestion
(adding solid/dry biomass to the wet biomass) has an important role. Nowadays co-digestion
is the most applied form of anaerobic digestion (Sims et al., 2004). Based on the application
area in this report three main forms will be illustrated such as farm or community based
biogas plants, industry based biogas plants and landfill gas utilisation plants. Technological
and economic parameters of anaerobic digestion can be seen in Table 7 and Table 8.
Table 7 Technological parameters of anaerobic digestion
Sub group

Main technological component
types

Industrial scale digester systems
and designs:
-complex mix stirred tanks and
contact digesters
-Plug-flow digesters
-anaerobic filter reactor
-upflow anaerobic sludge blanket
reactor (UASB)
Industry based
-Fluidized bed reactor
Industrial anaerobic digestion
operation modes:
-single-step wet digestion
-multi-step wet digestion
-dry continuous
Landfill gas utilization -dry batch
-sequencing batch or leach-bed

-Farm based biogas
plants,
-Community based
and co-operative

Pre-treatment
technologies

Inputs

Available and
potential
biomass

Outputs

Usage of the end Technical
product
efficiency

size reduction of mixture of animal manure,
methane gaseous fuel,can 10additional crops manure and agricultural waste, (CH4),
be upgraded to 15%(electical,
agricultural (energy) crops,
carbon higher quality fuel, LHV basis)
waste
dioxide heat and electicity
production,
(CO2)

size reduction of organic
additional crops, domestic
waste
waste,
Industrial
waste,
manure,
sludges,
nothing
landfills
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waste water,
manure, plants,
domestic waste,
municipal waste,
industrial waste,
agricultural waste,
landfills

References

IEA 2007 a,Klass
1998, Sims et al.
2004, Faaij 2006,
Herold 2007 a,
House 2007,
Herold 2007 b,

IEA 2007 a,Klass
1015%(electical, 1998, Sims et al.
LHV basis)
2004, Faaij 2006,
Herold 2007 a,
House 2007,
Herold 2007 b,
gaseous fuel,can gas engine
efficiency
be upgraded to
higher quality fuel,
electicity
production,

IEA 2007 a,Klass
1998, Sims et al.
2004, Faaij 2006,
Herold 2007 a,
Herold 2007 b,

Table 8 Economic parameters of anaerobic digestion
Sub group

Status of the Main
Typical
technology geographical capacity
areas
range

-Farm based
biogas plants,
-Community
based and cooperative

commercially Germany,
available
Denmark,
Switzerland,
Austria, India,
USA,
Netherlands

Typical
investment
cost range

Cost per unit of Companies
production

References

2050-5000
3.9-12.9 €c/kWh
-up to
several Mwe €/kWe (up to (plant size100
-2-5.6 MW 3 MW)
kW-5 MW)
(in the USA)

-Agri.capital GmbH, agricultural residues, organic
waste, Germany
-Evelop BV., agricultural residues, organic waste,
Netherlands
-Hamburg waste management, agricultural residues,
organic waste, Germany
-Government of Denmark, agricultural residues,
organic waste, Denmark
-Covanta Energy Corporation, agricultural residues,
organic waste, USA

IEA 2007 a,Klass
1998, Sims et al.
2004, Faaij 2006,
Herold 2007 a,
House 2007,
Herold 2007 b,
NEF

Industry based commercially Germany,
available
Denmark,
China, India,
USA, Europe,
Brazil

2050-5000
3.9-12.9 €c/kWh
-up to
several Mwe €/kWe (up to (plant size100
-5-10 MW
3 MW)
kW-5 MW)
(in the USA)

-Sanimax Industries Inc. (formerly Anamax Group),
StormFisher Biogas, food industry waste, USA
-Microgy Cogeneration Systems Inc, food industry
waste, USA
-RealEnergy Inc, energy crops, USA
-Biogen UK Ltd., UK
-Viridor Waste Management Ltd., UK

IEA 2007 a,Klass
1998, Sims et al.
2004, Faaij 2006,
Herold 2007 a,
House 2007,
Herold 2007 b,
NEF

Landfill gas
utilization

-several
100`s kWe
-1.06-12
MW (in the
USA)

-Ameresco, USA
-Green Gas International, USA
-Irish Power System Ltd., Ireland
-Cory Environmental, UK
-Energy Developments Ltd., USA, UK, France,
Taiwan, Australia
-DTE Biomass Energy, USA

IEA 2007 a,Klass
1998, Sims et al.
2004, Faaij 2006,
Herold 2007 a,
Herold 2007 b,
NEF

4.4.1

commercially Europe, Noth
available
America

990-1200
3-3.8 €c/kWh
€/kWe (up to (plant size100
5 MW)
kW-5 MW)

Farm or community based

In farm or community based anaerobic digestion plants using mesophilic conditions are
located at the farm and owned by one farmer or the community of farmers` group. This kind
of application mainly relies on livestock manure with a capacity level of few MW (NEF). The
two main types of the digester tanks are the vertical totally mixed digesters and the horizontal
digester (House, 2007). In this case when anaerobic digestion is used for electricity
production the electrical efficiency is quite low (around 15%), and when the gas is not
converted to electricity (used as gaseous fuel to heat) the efficiency could be 35% (depending
on the feedstock as mentioned above) (Faaij, 2006). Farm and community based application
are widely implemented in North America and Europe with the leading contribution of
Germany, Austria, Switzerland and the Netherlands. However building more sophisticated
systems is also getting more and more attention in China and India (Sims et al., 2004). What
is the main issue in the Netherlands is to close the digestion cycle. Closing the digestion cycle
means: after producing biogas, the digestate with further treatment can have the same
characteristics as artificial fertilizer. With this process the manure and digestate surplus
problem of the Netherlands would be solved. Another issue in the Netherlands is the pathogen
content of green gas (upgraded biogas) when it is put into the grid. There are several
researches examine the possibility of any harmful effect of using green gas in the grid.

4.4.2

Industry based

Industry based biogas plants has been deployed for a long time in the food and beverage
industry to process waste water (Faaij, 2006, House, 2007). Worldwide there are 1000
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anaerobic digestion systems currently operated or under construction for industrial waste
treatment employing thermophilic conditions. Under industrial circumstances wastewater
from beverages, chemicals, food, meat, milk, pharmaceutical and pulp and paper industry is
treated by anaerobic digestion (Sims et al., 2004). At present Denmark and Germany have
strong position in large scale (5-10MW) processing of wet waste stream (Faaij, 2006).

4.4.3

Utilisation of landfill gas

Utilisation of landfill gas is the process where gas from landfills is collected and used for
electricity generation. In this case the gas is converted to electricity by gas engines. It has an
essential role in GHG mitigation by reducing the emission of harmful methane gas. Like the
other form of anaerobic digestion the landfill gas utilisation is also widely adopted in Europe
and in USA and deployed in other part of the world. The large number of installed capacity is
a result of low investment cost and its role in the GHG reduction (Faaij, 2006). Landfill gas
can be considered as the only renewable energy source which is competitive with other fossil
fuels without any subsidisation. But in the near future the position of landfill gas utilisation
will change in Europe. Due to the high prices of landfill areas the EU regulated the amount of
degradable waste going to the landfills in its European Landfill Directive (1999/31/EC). As a
result, electricity production from landfill gases will diminish (Herold, 2007a).

4.4.4

Digester types and digestion operation modes

For anaerobic digestion there are several technological configurations exist, which are
indicated in literatures like Reith et al. (2003) or Sims et al. (2004) among others. In this
report first the main digester types will be discussed and afterwards the various operation
modes of anaerobic digestion will be illustrated.
Digester types:
 Complete mix and stirred tanks and contact digester
The digester tank contains a mixer, which provides a better contact between the organic
matter and the microbes. Sometimes in this application the bacterial biomass is collected and
recycled in the contact digester in order to increase organic load and reduce retention time
(measured in days). This system can handle biomass with 2-10% of total solid content.
 Plug-flow digester
This system contains of a long trough with an air-tight stretchy cover. The organic biomass is
fed at one end of the trough and its pushes the material into the digester. Basically at one end
of the trough is the organic biomass and on the other and is the digested material, in trough
the material behaves as a `plug`. This type is suitable for biomass with a total solid content of
11-13%.
 Anaerobic filter reactor (digester)
It is generally applied for industrial waste water treatment. The essence of this system is the
filter or solid support which retains the bacterial biomass. The filter is made from ceramics,

25

glass, plastic or wood. The retention time for this system is one day. This is superior to all the
above stated technologies since the retention time is shorter.
 Upflow Anaerobic Sludge Blanket (UASB) reactor (digester)
The system contains a thick blanket of anaerobic granular sludge at the bottom of the reactor
which contains a lot of naturally immobilised bacteria. The biomass is fed at the bottom of the
reactor and it goes through this blanket and gets digested. The bacteria stay in the reactor and
the digested material, after passing through three separation equipment, comes out at the top
of the reactor. It has no stirring machines since the flow of the biomass ensures the mixing
effect. UASB is the most commonly applied technology in the industrial treatment. It has a
retention time less than a day. The only disadvantage of this reactor is that the sludge has to
be granulated.
 Fluidised bed reactor (digester)
It is the improved version of UASB. It contains heavier particulate matter such as sand, glass
or granular activated carbon. The advantage of this technology is that the bacteria can remain
in the reactor even under very strong flow. As a result of this improvement, time is measured
in hours.
Digestion operation modes:
 Single step wet digestion
With this application the biomass is fed and digested in a complete mix tank digester. This
system is implemented for dilute feedstock such as manure.
 Multi-step wet digestion
Basically in this method a two-stage reactor is used. Digestion occurs in both stages but with
different retention time. In the second stage anaerobic filter or UASB reactor are applied.
 Dry continuous
In this case biomass with a total solid content of 20-40% is continuously fed into complete
mix or plug flow digester.
 Dry batch
In this method biomass is batch loaded and inoculated with digestate from other reactors.
Then the digester is closed and the feedstock is left there to get digested and mixed with the
leachate.
 Sequencing batch or leach-bed
It is quite similar to the dry batch method except that the leachate is exchanged between two
operation cycles.
When an anaerobic digestion plant is built, it is usually done according to special needs taken
to account input, plant size and utilisation parameters. As a result several combinations of the
above mentioned digester types and modes are possible. The main improvement drivers are to
reduce retention time, increase gas yield and to make bacteria recovery more efficient.
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4.5

Esterification

In the esterification process biomass containing oils and fats (triglyceride molecules) and
alcohol (usually methanol) in the presence of catalysts produce single chain esters and
glycerol. The exact name of this process is transesterification. The mixture of esters is called
biodiesel (which is methyl ester-, when methanol is used, although in general it is called alkyl
ester when the alcohol that is used is not specified), which can be used as straight fuel (in
existing engines) or blends with diesel. In most countries the production of biodiesel is not
commercially viable without a form of financial government support. As a result, biodiesel
can only be produced in those countries where its process is subsidized. Many European
countries did implement support measures like farm subsidies, tax exemptions, investment
subsidies, etc. Many countries in other parts of the world (especially Asian and Latin
American countries) implemented (mandatory) blending targets to create demand and ensure
a market. Biodiesel plants are only operated in France, Germany, Italy, Austria and USA.
Currently the most applied feedstock is rapeseed, but it gives relatively low oil yield and high
production cost, meanwhile the issue of food-fuel competition and high production costs
(because of the high cost of agricultural production) also appear, which makes biodiesel
uncompetitive with diesel (Sims et al, 2004). As a result, biodiesel can only be produced in
those countries where its process is subsidized (Faaij, 2006). In European biodiesel programs
rapeseed is emphasised as the main feedstock, and in the USA rapeseed and soybean oils have
received main attention, which regarded as first generation biodiesel production process.
Because of the low oil yield crops and food-fuel debates there are certain researches about
other alternative oil containing plants (next generation plants) like algae, jatropha, etc.
Jatropha cultivation is limited to the regions which have a very hot climate, so the key areas
where pilot plantations can be found are African countries like Mozambique and Tanzania
and Latin American countries. Algae research is mainly done in Europe and the US.
Technological and economic parameters of esterification can be seen in Table 9 and Table 10.
Table 9 Technological parameters of esterification

Sub group

Main technological
component types

Pre-treatment technologies

Inputs

Available and
potential biomass

Esterification

-acid-catalyzed
transesterification
-base-catalyzed
transesterinfication

recovery of oil from oil seeds
(crush the seeds and separate
the oil) separation process:
mechanical press, solvent
extraction, or the combination
Some case: size reduction,
drying

triglycerid -First generation :
biodiesel high cetane value N.A.
feedstock, soybean, rapeseed
to upgrage poorer
other fats oil, sun flower, palm
quality diesel,neat
and oils,
oil,
fuel, blended with
-Next generation :
diesel,diesel fuel
jatropha, algae,
additives
-Mixed with other
feedstock: coconut
oil, castor bean,
peanut, waste animal
fat
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Outputs Usage of the end Technical References
product
efficiency

IEA 2007 b,
Faaij 2006, Klass
1998, Sims et al.
2004, Schuchardt
et al. 1998,

Table 10 Economic parameters of esterification
Sub group

Status of the
technology

Main
geographical
areas

Typical
capacity
range

Typical
investment
cost range

Esterification

commercially
available

USA
Europe:
Germany,
France, Italy,
Austria;
Mozambique,
Tanzania, Latin
American
countries

-short term:
-167-454
mLpa (algae) 150 €/kWth
-1-302 mLpa input capacity
general
-long term:
110 €/kWth
input capacity

Cost per unit of Companies
production

References

-short term: 2540 Euro/Gj fuel
-long term:2030 Euro/Gj fuel
-0.3-0.38 €/lde
(animal fat)
-0.46-0.6 €/lde
(trans-est. from
veg. oil)

IEA 2007 b,
Faaij 2006, Klass
1998, Sims et al.
2004, Schuchardt
et al. 1998, NEF

-Diester, France (first generation)
-ADM, EU, USA (first generation)
-Biopetrol Industries, Germany, Netherlands (first
generation)
-Cargill, Germany (first generation)
-Poet, USA (first generation)
-Abengoa, Spain (first generation)
-BP, USA (algae)
-Ingrepro, Netherlands (algae)
-AlgalFuel, Portugal (algae)
-Diligent Energy Systems (jatropha)

In the process of transesterification methanol is the most common used alcohol in Europe and
in USA, since its production cost are lower than ethanol. In contrast in Brazil where ethanol
can be produced at lower cost, ethanol is the applied alcohol for transesterification. Catalysts
are also needed to complete the process. The two most common used pathways are acid or
base catalysed (Knothe et al., 2005).

Acid-catalysed process
In this process sulfonic and sulphuric acids are used as acid catalyst. These catalysts provide
very high biodiesel (alkyl ester) yields, but it requires high temperature (100 ºC) and its
process is slow (3 hours). Alcohol/vegetable oil ratio is one of the most important factors that
determine the process beside the speed and economics of the process. It is generally true that
the more alcohol, the more product yield, but more alcohol makes glycerine (valuable byproduct of biodiesel production) recovery more difficult. So the accurate balance should be
established (Schuchardt et al., 1998).
Base-catalysed process
This process is faster than the acid-catalysed process. The most used base catalysts are
alkaline metal alkoxides, hydroxides and sodium or potassium carbonates. Base catalysts are
the most active catalyst since they produce high yields (98%) in short reaction times (30
minutes) (Schuchardt et al., 1998). It is a direct conversion to biodiesel without intermediate
steps and it does not need high temperature. As a result, currently the majority of the alkyl
(methyl) esters as biodiesel are produced via base catalyzed reaction because it is the most
economic way of doing so (National Biodiesel Board, unknown).
Though, further improvements are needed to reduce catalyst cost, waste output and to
improve the purification of the product (Knothe et al., 2005).
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4.6

Fermentation

Fermentation is the process where sugar (hexose) from biomass is converted by yeast into
ethanol (alcohol). Bioethanol produced by fermentation can be used as a straight fuel, as
oxygenate or can be blended with gasoline at a different percentages depending on applied
vehicle engine types (Sims et al., 2004). In USA this blending range is maximised at 10 %
and in Europe the maximum blending range is 5 %. The major advantages of using bioethanol
are that it is not containing carcinogenic properties. In this report three types of fermentation
will be distinguished based on the used feedstock: fermentation sugar containing feedstock,
fermentation of starch containing feedstock, which is referred as first generation bioethanol
production and finally fermentation of lingo-cellulosic feedstock regarded as next generation
bioethanol. Technological and economic parameters of fermentation can be seen in Table 11
and Table 12.

Table 11 Technological parameters of fermentation
Sub group

Main technological Pre-treatment
component types technologies

Inputs

Available and
potential
biomass

Outputs

Fermentation of
sugar containing
feedstock
(first generation
process)

-large scale
without
fermentation plants: pre-treatment
wet milling, dry
milling

sugar
containing
feedstock

-Large scale:
sugar cane
-Small scale:
sugar beet,
molasses, sweet
sorghum, waste
sulfite liquors,
wood pulping
sludge from pulp
and paper mill,
maize, cereals,
potatoes,

bioethanol

Fermentation of -large scale
starch
fermentation plants:
containing
wet milling, dry
feedstock (first milling
generation
process)

grinding or
degermination,
suspended in
water,hydrolysis,
saccharification

starch
containing
feedstock

Fermentation of -Acid Hydrolysis
ligno-cellulosic -Enzymatic
hydrolysis
feedstock
(second
generation
process)

after size
reduction:
-steam explosion
-ammonia
fiber/freeze
explosion
-acid pretreatment
-alkaline pretreatment
-biological pretreatment

lignocellulosic
feedstock

bioethanol

bioethanol
lumber industry
waste, waste
paper, fibrous
agricultural
corn and residues,
bagasse, rice
husks, municipal
solid green
waste, wood and
straw, forestry
residues
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Usage of the Technical
end product efficiency

straight fuel,
oxygenate,
blended with
petrol

References

90% of the
fermentable
sugar
converted
to ethanol

IEA 2007 b,
Faaij 2006, Klass
1998, Sims et al.
2004, Hamelinck
2005,

90% of the
fermentable
sugar
converted
to ethanol

Boyle 2007,
IEA 2007 b, Faaij
2006, Klass
1998, Sims et al.
2004, Hamelinck
2005,

overall
system eff.
could go up to
70%(LHV)

Boyle 2007,
IEA 2007 b, Faaij
2006, Klass
1998, Sims et al.
2004, Hamelinck
2005,

Table 12 Economic parameters of fermentation
Sub group

Status of the Main
technology
geographical
areas

Typical
capacity
range

Typical
investment
cost range

Fermentation
of sugar
containing
feedstock
(first
generation
process)

commercially
available

Brazil

-45-379
mLpa

-short term:
-short term: 12- -Cosan, Brazil
100-290 €/kWth 35 €/Gj fuel
-Grupo Farias, Brazil
input capacity
-long term:7-30 -Odebrecht, Brazil
-long term: 170- €/Gj fuel
230 €/kWth
-0.28 €/lge
input capacity
(sugar cane)
-0.46-0.6 €/lge
(sugar beet)

USA
Europe:
Germany,
France, Italy,
Spain

-37.8-500 -short term:
-short term: 12mLpa
100-290 €/kWth 35 €/Gj fuel
-long term:7-30
input capacity
-long term: 170- €/Gj fuel
230 €/kWth
-0.18 €/l (corn)
input capacity
-0.46-0.6 €/lge
(maize)

Fermentation commercially
of starch
available
containing
feedstock (first
generation
process)

Fermentation
of lignocellulosic
feedstock
(second
generation
process)

4.6.1

pilot/
USA, Europe
demonstration (especially in
Sweden), Brazil

-10-379
mLpa

-short term:
350 €/kWth
input capacity
-long term: 180
€/kWth input
capacity

Cost per unit of Companies
production

-short term: 1217 €/Gj fuel
-long term:5-7
€/Gj fuel
-0.3-0.43 €/l
(wheat straw and
switchgrass)
-0.76 €/lge

-Cristanol, France
-Tereos, France
-Abengoa, France
-CropEnergies, Germany
-Verbio, Germany
-Poet,USA
-ADM, USA
-Bunge, USA
-Poet, USA (pilot)
-Bluefire, USA (pilot)
-Dupont, USA (pilot)
-Range Fuels, USA (pilot)

References

IEA 2007 b,
Faaij 2006, Klass
1998, Sims et al.
2004, Hamelinck
2005, NEF

Boyle 2007,
IEA 2007 b, Faaij
2006, Klass
1998, Sims et al.
2004, Hamelinck
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Fermentation of sugar containing feedstock

In this type of fermentation process sugar present in the feedstock can be extracted and
fermented into ethanol, then the ethanol is distilled from the water (first generation bioethanol
production). Sugar crops and sugar containing by-products are the two mostly employed input
categories (Klass, 1998). This is the classic conversion technology to convert biomass into
bioethanol, which is applied on large scale especially in Brazil where the main feedstock is
sugar cane. When sugar cane is used as an input, ethanol production from sugar containing
feedstock is competitive. For 30 years Brazil had the best market position on this field, but
since 2007 USA is the main player on the bioethanol market using maize as a feedstock of
production (starch containing feedstock, will be explained later). Ethanol production capacity
based on sugar cane is also increasing in some African, several Latin American and Asian
countries like India and China. The key advantage of sugar cane ethanol comes from the
climate and good soil conditions in the mentioned countries. Trash and bagasse from this
process can be used for power generation (in gasification process) or in hydrolysis process
which offers further efficiency improvement for fermentation (Faaij, 2006). Brazil is the only
place in the world where bioethanol production exist without any subsidies and also in the
most environmentally friendly and sustainable way.
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4.6.2

Fermentation of starch containing feedstock

In this case the whole process starts with the disruption of cell walls to expose the starch
polymers found in the crops. Then these starch polymers need to be hydrolysed in order to get
free fermentable sugars (because the yeast cannot ferment sugar polymers only hexose which
is monomer). This process is still regarded as first generation bioethanol production. The
input of this process can be maize, cereals (grains), potato and etc. (Klass, 1998). In contrast
with sugar cane ethanol, crop ethanol is not competitive in itself with gasoline, because of
high production costs and food-fuel competition. In European countries and in the USA it is
highly subsidised and utilized to reduce their food crop surpluses. As a result of high
agricultural production costs and changing agricultural policies it is not likely to reach a
competitive status in the future (Faaij, 2006). As it was mentioned in the previous section
USA is the absolute leader producing bioethanol from maize nowadays followed by Brazil. In
Europe the market is relatively small with the largest countries of France and Spain.
What is often questioned is the usage of biomass for food-feed-fuel production. Well,
according to Faaij (2006) there is far more than enough biomass potential in the World
without affecting our food supply but there is still debate about this issue. In the case of
animal feed what is important to mention that the protein content of the biomass cannot be
converted into alcohol. It appears as a nutrient reach by-product suitable for animal feeding
(that is why bioethanol plants located in the area of animal farms). The usage of large amount
of artificial fertilizer also raises questions and disinclination. Fertilizer is needed to increase
crop yield, but it can only be harmful when it is not used in a proper amount that a crop can
take up (otherwise it can go to the groundwater). In conclusion with subsidisation, right
location and with proper use of fertilisers fermentation of starchy crops will still continues.
There are two main process applied for fermentation when the feedstock contains sugar or
starch such as wet milling and dry milling.
Dry milling
In dry milling, the corn seeds are broken down by hammer mills into flour and then it is
cooked in water, while enzymes are added to hydrolyze the starch to glucose. Then this
glucose containing matter is cooled, fermentation will occur when yeasts are added to this
material. When fermentation is complete the alcohol content ranges from 12-15%. Because of
the low alcohol content, this material will be distilled in order to separate the water and the
alcohol. There is a by-product at the end of the process called distillers drie grain which can
be used for animal feeding. This process is the most widely applied technology for ethanol
production in the United States. It is preferred since it has low capital cost, lower energy
requirements, more sophisticated automation, has lower cost of enzymes, and advanced yeast
strains and it has molecular sieves. All these previously mentioned factors have cut
production costs nearly in half and improved ethanol yields (Anonymous, unknown).
Wet milling
Corn wet milling is the process when corn fractions are separated into starch, protein, germ
and fiber in a liquid form before fermentation. The primary products of wet milling include
starch and starch-derived products (e.g. high fructose corn syrup and ethanol), and byproducts like corn oil, gluten feed, gluten meal and corn germ meal (Klass, 1998).
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4.6.3

Fermentation of ligno-cellulosic feedstock

After the explaining the two main type of first generation process in this section next
generation bioethanol production process will be emphasised. The major essence of this
process is the hydrolysis of cellulosic (straw) and ligno-cellulosic (woody) biomass. First the
biomass has to be pre-treated (mechanically and physically) and the lignin has to be removed
from the biomass (it cannot be hydrolysed or fermented either). Then the hemicellulose has to
be hydrolysed (saccharified) into sugar which can be fermented into ethanol later on. This
process could be the solution for reaching high efficiency and low production cost for
bioethanol production, since non-food crops and lingo-cellulosic residues are used as input,
which has low or even no production costs compare to sugar or starchy biomass (Klass,
1998). Only the cellulose and the hemicellulose can be used in the conversion, lignin can be
used for power generation. USA and Sweden are the two main players on the field of
developing different types of hydrolysis techniques. Applying ligno-cellulosic feedstock can
increase the overall system efficiency of fermentation up 70%, which would mean a
competitive bioethanol price with fossil fuels. Though this application looks very promising
the main problem is the high costs of hydrolysis. There are two main hydrolysis types such as
acid hydrolysis and enzymatic hydrolysis (Faaij, 2006).

Pre-treatment technologies:
First the biomass needs to be pre-treated, which starts with the size reduction of the biomass
and then there are five different pathways to break down the biomass into liquid slurry
containing cellulose, hemicellulose and lignin . The five pre-treatment routes are steam
explosion (autohydrolysis), ammonia fiber/freeze explosion, acid pre-treatment, alkaline pretreatment and biological pre-treatment. These pre-treatment modes have important role to
make hemicellulose and cellulose (polymer sugars) more accessible for hydrolysis.
 Steam explosion
In this process high-pressure and high-temperature steam is brought into a chamber
containing woody lingo-cellulosic material. After 1-5 minutes, the pressure is released and
then the steam expands within the lingo-cellulosic matrix, separating the individual fibers
with minimal loss of material. Steam explosion is the most cost effective (low energy
requirement) method for hard wood and agricultural residues, but it is less effective for soft
wood (Balat M. et al., 2008).
 Ammonia fiber/freeze explosion
This is a process where pre-wetted lingo-cellulosic biomass with moisture content of 15-30%
placed in a pressure vessel with liquid ammonia. This technology is simple, has a short
process time and suitable pre-treatment for corn straw. On the other hand when biomass
contains higher level of lignin (for example: sugar cane bagasse) this process is less effective.
In this system the ammonia has to be recovered by evaporation after the pre-treatment
otherwise this process is costly due to the high cost of ammonia (Balat M. et al., 2008).
 Acid pre-treatment
Either dilute or concentrated acids can be used in this pre-treatment process, but dilute acid
systems is one of the most applied. Higher product yield can be reached as a result of this
system. Dilute acid pre-treatment at moderate temperature is suitable to treat corn fibers and
used as a pre-treatment technology for enzymatic hydrolysis.
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Another application of acid-pre-treatment is the process where dilute acid and high
temperature is used. In this case higher product yield is generated but with dilute sugar
streams. This technology is relatively inexpensive but it is only efficient to use when the
biomass is very cheap (Balat M. et al., 2008).
 Alkaline pre-treatment
This process is using lower temperature and pressure compared to other pre-treatment modes.
It is capable to remove lignin without having a big effect on other components (hemicellulose
and cellulose). The disadvantage of this process is that some of the alkali is converted into
irrecoverable salt into the biomass. Considering economic and environmental aspects dilute
NaOH is used for alkali pre-treatment. This technology is more efficient in a combination of
other pre-treatment technologies (Balat M. et al., 2008).
 Biological pre-treatment
In this process microorganisms (fungi) are used to solubilise the lignin. It requires long
process time, it’s expensive and the product yields are low. As the main reverse of this
process is that the microorganisms are killed by lignin derivatives (Balat M. et al., 2008).
Hydrolysis types:
After the above stated pre-treatment technologies when the separation of lignin,
hemicelluloses and cellulose appeared, comes the second stage where cellulose and
hemicelluloses are hydrolysed into single fermentable sugar molecules. There are two ways
to do so: acid hydrolysis and enzymatic hydrolysis.
 Acid hydrolysis
In this process acid is used to hydrolyse cellulose and hemicellulose into fermentable sugar.
There are only a few pilot and demonstration plants exist in Russia, Sweden, Denmark and in
USA. Two types of acid hydrolysis can be distinguished such as dilute acid in a combination
with pressure and concentrated acid with lower pressure. Using dilute acid and pressure
causes low yields of fermentable sugar since in this process to much of the hemicellulose is
ruined before it could be turned into valuable sugar. When concentrated acid and lower
pressure is applied the main problem is the high cost and the recovery of acids (Worldwatch
Institute, 2007).
 Enzymatic hydrolysis
This process applies enzymes to break down cellulose and hemicellulose into fermentable
sugar. As cellulose is more difficult to degrade than hemicellulose the main constraint of this
technology is the effectiveness of enzymes that can hydrolyse cellulose (Worldwatch
Institute, 2007). According to New Energy Finance, 19 companies invested in enzymatic
hydrolysis. This technology is the closest to being commercialised. What determines its future
performance are the enzyme costs, the efficiency and economics of the pre-treatment methods
and improving ethanol yields (Boyle, 2008).
At the end of the process when single sugar molecules are finally reached then comes the
fermentation. At this point what causes problems is the construction of single sugars reached
from hydrolysis, since it not only containing hexose (which can be originally fermented by
simple organisms) but pentose as well which requires special microorganisms.
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4.7

Result of the review to support decision making process

After reviewing the main biomass conversion technologies from an economic and
technological point of view it is essential to conclude how the business can make investment
decisions in this sector. Table 13 is summarising all conversion technologies and its sub
groups to support decision making process. To conduct a decision it turned out that
production cost and investment cost cannot support a general decision process in biomass
sector, since these costs are highly specific, dependent on the input, output, pre-treatment
technology and configuration of the technology (for example reactor type etc.). Production
and investment cost can support only the decision in main technological groups or comparing
relevant sub groups of technologies related to the required output.
Table 13 Conversion technologies and their sub groups
Combustion

Gasification

Input

solid biomass and
waste (dry)

Output

Sub groups

Pyrolysis

Anaerobic
digestion

Esterification Fermentation

solid biomass and solid biomass
waste (dry)
and waste
(dry)

wet biomass and
waste

oily feedstock

sugar, starch and lignocellulosic feedstock

heat, power

heat, power, fuel
(gaseous, liquid)

heat, power, fuel
(gaseous)

fuel (liquid)

fuel (liquid)

-district heating and
CHP (commercially
available)
-large-scale
combustion
(commercially
available)
-co-combustion
(commercially
available)

-small scale
gasification
(commercially
available)
-large scale
gasification
(demonstration)
-gasification for
co-firing (pilot)

-farm or
community based
(commercially
available)
-industry based
(commercially
available)
-landfill gas
utilisation
(commercially
available)

-first
generation
(commercially
available)
-second
generation
(demonstration
/pilot)

-sugar containing
feedstock (first
generation, commercially
available)
-starch containing
feedstock (first
generation, commercially
available)
-ligno-cellulose
containing feedstock
(second generation,
demonstration/pilot)

heat, power,
fuel (liquid,
solid)
-fast pyrolysis
(close to
commercially
available)
-torrefaction
(close to
commercially
available)

The decision making process starts with the fact that what kind of biomass is available. If
solid biomass and solid (dry) waste are available there are three conversion technologies able
to utilise it: combustion, gasification and pyrolysis. The next thing that has to be considered is
the required utilisation of the output whether it will be for heat, power or fuel production. If it
is considered that heat or/and power is the main form of utilisation the next thing that has to
be clarified is the scale of the project whether it would be a large scale or a small scale
installation depending on biomass availability and energy needed. Considering now solid
biomass and solid (dry) waste for heat and/or power production in a form of large scale
application, large scale or co-combustion are the technologies of choice, since it is
commercially available and large scale gasification has such high capital cost that make
gasification less preferred in this case. Looking at the same decision from the small scale
point of than small scale gasification would suits the best because since it has higher
efficiency than CHP and district heating technologies, and CHP and district heating are also
going to the direction of being applied in large scale. Pyrolysis process in the respect of the
above mentioned decision process fall a bit behind combustion and gasification in both cases
(small scale, large scale), as pyrolysis is the process which cannot be used directly for heat
and/or power production and combustion and gasification is already commercialised (except
large scale biomass gasification, which is close to commercialisation) when pyrolysis is only
close to being commercialised.
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Considering wet biomass there is only one conversion technology that can deal with it, which
is anaerobic digestion. So if one has wet organic biomass there is only one suitable investment
solution such as invest in anaerobic digestion and then further decide whether it will be
producing heat and/or power or fuel.
So far the investment decision was approached from the feedstock/input point of view, but
when it comes to matter of fuel as an utilisation form of output, it is better to start the process
with respect to the output. There are three types of fuel gaseous, liquid and solid.
When the required fuel is gaseous there are three main conversion technologies that are able
to produce it. The decision is easy when only wet biomass is available; as it was indicated
above the only possibility is anaerobic digestion. If solid biomass and solid waste is available
gasification and pyrolysis can be an option, though in the case of pyrolysis the gas is produced
via the process is recycled in order to make the pyrolysis process more efficient. So the only
option when solid biomass and waste is the feedstock is gasification.
If the required outcome is a liquid fuel there are four main conversion technologies that have
to be taken into account: esterification, fermentation, gasification and pyrolysis. When oily
feedstock is available the only option is the technology of esterification. If one has sugar and
starch containing biomass the best option is fermentation. The problem with the above
mentioned technologies (fermentation and esterification) is the food- fuel competition. That’s
the reason why second generation feedstock (not suitable for human food) is in the focus of
these technologies such as fermentation of ligno-cellulosic feedstock. But when it comes to
the question of producing liquid fuel from ligno-cellulosic feedstock which falls under the
category of solid biomass and solid waste, there are two other technologies on the platform to
compete with fermentation of ligno-cellulosic feedstock such as gasification and pyrolysis.
Fisher-Tropsch liquids produced via gasification is close to commercialisation, just like
pyrolysis oil produced by fast pyrolysis which could have an essential rule in long distance
transport, but fermentation of ligno-cellulosic feedstock is even closer to be commercialised.
In the case of using ligno-cellulosic feedstock to produce liquid fuel fermentation of lignocellulosic feedstock is the winner so far.
If solid fuel is considered, torrefaction which is a kind of pyrolysis is the only technology that
is able to produce it. The interesting thing about torrefaction is the fact when it is combined
with pelletisation it can provide a product (torrefied pellet) that can directly replace coal.
Torrefaction is very close to being commercialised and it would provide a solution for the
problems of conversion technologies like combustion, gasification and further pyrolysis as it
is a product with the same characteristics like coal and can be utilised in these technologies.
The main problems of the previously mentioned technologies are that biomass is not a dense
material, which causes collection, transportation and storage difficulties and there is no
commodity market for it. The most important thing is that torrefied pellet can make the whole
supply chain and technological performance of combustion, gasification and fast pyrolysis
much more efficient. When it comes to the matter of technological efficiency what also has to
be emphasised that gasification and fast pyrolysis utilising torrefied pellet for fuel (liquid and
gaseous) production could provide a break trough in the near future. As it can be seen with
applying torrefied pellet in combustion, gasification and in further pyrolysis all area of
biomass energy sector can be covered and improved in respect to the output of technologies
without effecting food supply.
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4.8
4.8.1

Evaluation of economic and technological review, and selection
of ‘promising’ technology
Economic evaluation

After examining biomass conversion technologies from technological and economic point of
view two main criteria turn out to be suitable for decision making related to the selection of a
conversion technology for further analysis. These criteria are ingoing supply and the
relevance of the output. Variables like investment costs or cost of production are not suitable
to support further analysis as they are not comparable because one particular data related to
one sub group and gives only an indication as it is relevant for a special technological
configuration (depending on input, output, configuration of a conversion technology, pretreatment etc).
In the view of ingoing supply it has to be realised that all these technologies need massive
amounts of biomass. Biomass is not dense matter comparing it to fossil fuels. It has much
lower energy content which makes it difficult to collect, produce, harvest, transport and
process. What is causing the more problem that biomass market is immature and unstable, due
to the small size of market and the fact that biomass and waste is a relatively new commodity
on the market. As a result it is difficult to eliminate risk with long-term and large-volume
contracts. To reach low cost levels, large amount of biomass should be shipped on more
regular basis to make its logistics more favourable for suppliers (Junginger, 2008).
Relevance of the output is also important in a sense that how much place, technology or
utilization dependent of the output of a conversion technology. It is important to consider
whether the output can be utilized the plant site and then the energy is transferred or the
output can be transported to and utilized at somewhere else. The technology that is capable to
produce outputs for further conversion and efficient utilization also has to be taken into
account. Finally how many ways the output can be utilized such as heat and power, and fuel.
All these factors can give an indication about the potential market related to conversion
technologies.
4.8.2

Summary of evaluation

Table 14 shows the evaluation of conversion technologies based on how much the ingoing
supply of the technology is solved and how relevant the output of the technology is. In the
case of biofuel production via esterification or fermentation issue of ingoing supply can be
considered as solved, since existing agricultural supply chains and markets are used for this
purpose. In a view of anaerobic digestion, this technology has mainly local application form
and when not local but cooperative implementation takes place long- distance transport can be
solved via underground pipelines. But looking at technologies using mainly lingo-cellulosic
biomass for heat and power production (combustion, gasification, and pyrolysis) and
technologies for new generation biofuel production (gasification and pyrolysis) ingoing
supply problems such as logistics, low energy density and lack of biomass market exist.
Least relevance is the output of esterification, fermentation and combustion since the output
of esterification and fermentation only can be utilized as transportation fuel and combustion is
only suitable for heat and power generation. Anaerobic digestion represents a better position
as its output can be used for heat and power generation and can be utilized in the grid as a
gaseous fuel. Gasification provides more relevance than anaerobic digestion since on the top
of all it can provide transportation fuels. The absolute winner based on the relevance of the
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output is pyrolysis with torrefaction since its output can be utilized in more technologies
providing the most various utilization palettes.
Table 14 Summary of evaluation based on section 4.1-4.6
Basic technology

Fermentation

Sub group

Ingoing supply

Evaluation of
ingoing supply

++++

transportation fuel

+

fermentation of
starch containing
feedstock

++++

transportation fuel

+

+++

transportation fuel

+

existing agricultural
supply chain

++++

transportation fuel

+

-farm based biogas
plants,
-community based
and co-operative,

using local inputs

++++

heat and power at
the plant site,
gaseous fuel for
grid

++

other commercially
applied anaerobic
digestion facilities

using local inputs or
ingoing supply can
be solved via
pipelines

+++

heat and power at
the plant site,
gaseous fuel for
grid

++

+++++

heat and power at
the plant site,
gaseous fuel for
grid

++

Esterification

existing agricultural
supply chain

landfill gas utilization using local input

Combustion

Evaluation of
relevance of the
output

fermentation of sugar existing agricultural
containing feedstock supply chain

fermentation of ligno- existing agricultural
cellulosic feedstock
supply chain

Anaerobic digestion

Relevance of the
output

District heating and
CHP

ingoing supply is one ++
of the main barriers
of scaling up, besides
efficiency problems

heat and power at
the plant site

+

Larger-scale
combustion of
biomass

ingoing supply is one ++
of the main barriers
of scaling up, besides
efficiency problems

heat and power at
the plant site

+

co-combustion

ingoing supply is one
of the main issue in
a sense of efficiency,
feeding line,
combustor furnace
problems

heat and power at
the plant site

+

smaller scale
gasification

ingoing supply is one ++
of the main barriers
of scaling up, besides
the throat design of
the gasifier

heat and power at
the plant site,
gaseous fuel for
grid, transportation
fuel production

+++

larger scale
gasification

ingoing supply is one ++
of the main barriers
of scaling up, besides
high capital cost
problems

heat and power at
the plant site,
gaseous fuel for
grid, transportation
fuel production

+++

gasification for
co-firing

ingoing supply is one
of the main barriers
of reaching higher
efficiency

heat and power at
the plant site,
gaseous fuel for
grid, transportation
fuel production

+++

fast/flash pyrolysis

ingoing supply is one ++
of the main barriers
of scaling up besides
technological barriers

heat and power at
combustion or
gasification plant
site, transportation
fuel, transportation
fuel via gasification,
gaseous fuel for
grid via gasification

++++

torrefaction

ingoing supply is one
of the main barriers
of scaling up

heat and power at
combustion,
gasification plant
site, transportation
fuel via pyrolysis
and gasification,
gaseous fuel for
grid via gasification

+++++

Gasification

++

++

Pyrolysis
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++

Evaluation of ingoing supply: + not solved - +++++ solved
Evaluation of relevance of the output: + least relevant - +++++ most relevant
4.8.3

Selection of technology for further analysis

Solution for technologies with ingoing supply problems can be solved via technologies with
high relevance of output like torrefaction in combination with pelletisation (TOP) producing
torrefied pellet. Torrefied pellet has quite similar storage, logistics and burning characteristics
like coal such as, high energy density (around 18 GJ/m3), homogeneous and hydrophobic, but
it is providing much less emission. Torrefied pellet can be used in combustion, in further
pyrolysis and in gasification for heat and power, and biofuel production as well. With the
previously mentioned attributes, torrefied pellet has much better characteristics than currently
used wood pellets or wood chips making logistics more effective. Torrefied pellet not only
would provide solution for the ingoing supply part of these technologies but it would also
increase the efficiency ranges of these conversion technologies. As a result it can make whole
biomass supply chains more economic.
Combustion, gasification and pyrolysis are place related technologies all around the world, in
a meaning that their output (heat and power, and even if it is biofuel) is utilised at the place
where biomass was initially converted into energy carrier and their input usually originates
from local or close to local areas as well. Torrefied pellet as a mobile energy carrier, can
provide better allocation of bioenergy, and can have essential role in the import and export of
biomass supply streams all over the world.
Based on the above mentioned positive aspects of torrefied pellet the second phase of this
report is going to focus on the economic analysis of torrefied pellet.
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5. Materials and methods for feasibility analysis of torrefied
pellet
After the overview of different conversion technologies, torrefaction in combination with
pelletisation (TOP) as a conversion technology was selected for further analysis. Hungary has
meaningful potentials in a sense of available biomass (especially lingo-cellulosic) that is not
utilised for energy production so far. Therefore the second phase of this research is going to
deal with the feasibility analysis of TOP in Hungary. The basic assumption of the study is to
build a TOP plant in Hungary using wheat straw as feedstock.

5.1

Further description of torrefied pellet production (TOP)

As it was introduced under section 4.3.2 TOP process is a combination of torrefaction
(modern type of pyrolysis) and pelletisation (densification). The main essence of the whole
technology is torrefaction, which has several other various definitions like: roasting, high T
drying, pre pyrolysis, wood browning, mild thermal treatment, mild pyrolysis and wood
cooking (Boerrigter, 2006). Torrefaction is a thermo-chemical process performed at
atmospheric pressure in the absence of oxygen using temperature range between 200 ºC and
300 ºC. Torrefaction is able to upgrade lingo-cellulosic feedstock to a solid energy carrier
called torrefied biomass, which has lower moisture content, higher calorific value and
improved grindability compare to raw biomass (Uslu et al., 2008). Torrefied biomass has a
hydrophobic nature and moisture content around 1-6%, as a result of deconstruction of OH
groups the biomass loses its capability of hydrogen bonding. During torrefaction biomass
moderately decomposes release various types of volatiles, due to that hemicellulose has
transformed to alternative char and volatiles. Transformation of hemicellulose is the main
reason behind the weight loss of torrefied biomass, which then mainly consists of cellulose
and lignin (Bergmann, 2005).
5.1.1

Mass and energy balance

General mass and energy balance of torrefied biomass is shown by Figure 3. Torrefied
biomass usually contains 70% of its original weight and 90% of its original energy content
(Uslu et al., 2008). 30% of the mass is converted into torrefaction gases (as a result of
hemicellulose transformation), but only contains 10% of the energy of the biomass. Therefore
energy densification can be achieved by a factor 1.3 on mass basis (Bergmann, 2005).
Torrefaction gases
0.3 M

Biomass
1M

Torrefaction
250-300 º C

1E

0.1 E

Torrefied biomass
0.7M

0.9E
Source: ECN

Figure 3 Typical mass and energy balance of torrefaction process. Symbols: E=energy unit,
M=mass unit
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5.1.2

Torrefied pellet process flow

Though torrefaction results higher energy density and better characteristics, volumetric energy
density is not improved and torrefied biomass has also increased dust formation. To overcome
on these drawbacks torrefaction is combined with pelletisation, which provides solutions for
these problems. Torrefaction process generally consists of pre-drying of biomass, torrefaction
and product cooling. Pelletisation consists of drying and size reduction before densification;
after densification hot biopellets are cooled. Incorporation of pelletisation and torrefaction
process (TOP) flow can be seen on Figure 4.
A: Pelletisation
Biomass

Drying

Size
reduction

Steam preconditioning

Densification

Cooling

Pellets

B: Torrefaction
Biomass

Drying

Torrefaction

Cooling

Torrefied biomass

C: Torrefaction and Pelletisation (TOP process)
Biomass

Drying

Torrefaction

Size
reduction

Densification

Cooling

TOP
pellets

Figure 4 Basic process structure of pelletisation, torrefaction and TOP process
Air
Utility Fuel
Flue gas
Combustion

Torrefaction
Gases

gas
recycle

Biomass
Drying

Torrefaction

Size
reduction
DP

Flue gas

Heat
exchange

Flue gas
Source: ECN

Figure 5 Conceptual structure of torrefaction including pre-drying, (DP: pressure drop
recovery)
40

The moisture content of the feedstock is some of the most important parameters which
determine the required heat demand (Uslu et al., 2008). Biomass feedstock with higher
moisture content than 15-20% needs to be dried before torrefaction (Kiel et al., 2008).
During torrefaction process torrefaction gases (torgas) is generated that is used for heat
production. The generated heat is utilised for both the torrefaction and drying the biomass.
Besides torgas, utility fuel (natural gas) is needed to balance the process thermally and to
provide stability and control of the combustion process (Kiel et al., 2008).
After torrefaction the next step in the process flow is size reduction. For size reduction of
torrefied biomass simpler type of equipments like cutting mill or jaw crusher can be used than
it is used for wood pelletisation (hammer mill). It had been observed that power consumption
of the cutting mill is decreased when biomass is first torrefied. Depending on the used
torrefaction conditions 70-90% energy saving can be obtained compare to biomass size
reduction used in conventional pellet production (Bergmann, 2005).
Following stage after size reduction is the densification of torrefied biomass, which can be
done by densification equipment used for conventional pelletisation. Finally the product is
cooled.
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5.1.3

Characteristics of torrefied pellet

Table 15 below shows various characteristics of wood, torrefied biomass, wood pellet and
torrefied pellet. It is clearly visible that torrefied pellet has the best overall value with highest
calorific value (19.9-22.7 MJ/Kg), energy density (14.9-18.4 GJ/m3) and mass density (750850 kg/m3), and with its limited dust formation, hydrophobic nature and good handling
properties (Bergmann, 2005).
Table 15 Properties of wood, torrefied biomass, wood pellet and TOP pellet
Properties

unit

Wood

Torrefied
biomass

Moisture content
Calorific value (LHV)
as received
dry
Mass density (bulk)

% wt.

35%

MJ/kg
MJ/kg
kg/m3

10.5
17.7
550

Energy density
(bulk)
Pellet strength
Dust formation
Hygroscopic nature

GJ/m3

5.8

Biological
degradation
Seasonal influences
(noticeable for end
users)
Handling properties

Wood pellet
low high
3% 10%

19.9 15.6
20.4 17.7
230 500
4.6

7.8

TOP pellet

low high
7%
5%
16.2 19.9
17.7 20.4
650 750

21.6
22.7
850

10.5 14.9

18.4

moderate high
water
hydrophobic
uptake

good
limited
swelling/
water
uptake

very good
limited
poor
swelling/
hydrophobic

possible

impossible

possible

impossible

high

poor

moderate

poor

normal

normal

good

good
Source:

5.2

1%

ECN

Description of Hungary

Since 1 May 2004 Hungary has been a member state of the European Union (EU). Hungary
has temperate climate and situated in the centre of Europe. Hungarian population counts about
10 million people. It has borders on Austria, Croatia, Romania, Serbia, the Slovak Republic,
Slovenia and Ukraine. Its central geographical location makes Hungary an important transit
country (IEA, 2007 c).
5.2.1

Energy sector of Hungary

The Hungarian electricity consumption (gross production+ import- exporttransmission/distribution losses) was 39.10 TWh parallel with the energy production of 10.33
Mtoe (million ton oil equivalent) in 2006 (IEA, unknown a). Table 16 shows the total
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electricity and heat production by production forms in Hungary in 2006 (IEA, unknown b).
93.17 % of the total energy production is covered by power plants with capacity bigger than
50 MW which provides the 72.17% of the total energy consumption. The difference between
the two percentages is covered by electricity import from Slovakia and Ukraine. The Hungary
also exports electricity into Serbia and Croatia.
Table 16 Total electricity and heat production by production form
Heat
Production form Electricity (GWh) (TJ)
Coal
7092
9807
Oil
521
890
Gas
13160
48476
Biomass
1170
479
Waste
226
1018
Nuclear
13461
594
Hydro
186
0
Geothermal
0
168
Solar PV
0
0
Solar Thermal
0
1
Wind
43
0
Tide
0
0
Other sources
0
0
Total Production
35859
61433
Source: IEA

The Hungarian power plants are located in the middle and in the north- eastern part of the
country as a result of the place of occurrence of coal and other carbon hydrates. Most of the
Hungarian power plants were built during the period of 1960-1980 and it can be said for
almost all of them that their applied technology is old and inefficient with low efficiency
ranges like 30-35% which is far behind the current industry standard of 50% efficiency. As a
result the Hungarian energy sector needs fundamental changes to supply the country’s energy
need and to fulfil certain environmental regulations. The solution could be investment in
efficient technologies and still relying on coal and carbon hydrate based energy generation,
but in that case it is likely that the sector has to face with increasing demand and feedstock
prices. Or another solution could be to invest in technologies using renewable sources that
would support sustainable energy generation. What would support more the usage of
renewable sources is the fact that nowadays Hungarian potential carbon hydrates energy
resources are about to deplete (oil and natural gas within 19 years; coal within 15 years;
lignite within 67 years (Geo-Montan Kkt., unknown)), therefore the whole energy sector is
very much dependent on carbon hydrate and coal import especially from Russia, whereas
Russian-Ukrainian debates make Hungarian energy supply uncertain and highly dependent
(Nagy and Domina, 2008).
5.2.2

Renewables in Hungary

Besides the first three main energy source (coal, nuclear, oil) renewable energy sources are
also present at the Hungarian energy sector. Gross electricity generation is 1625 GWh and the
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gross heat production is 1666 TJ from renewable energy sources in 2006. Figure 6 shows
gross electricity generation and Figure 7 indicates gross heat production by the share of
renewable sources in 2006.

Source: IEA

Figure 6 Renewables and waste in Hungary in 2006, Gross electricity generation (GWh),

Source: IEA

Figure 7 Renewables and waste in Hungary in 2006, Gross heat production (TJ)
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Following EU accession and implementation of the Renewables Directive (2001/77/EC),
Hungary was set an indicative target of 3.6% for the contribution of renewable to electricity
generation by 2010. The government implemented this target by Government Decree on the
implementation of the Electricity Act 2005 (Act LXXIX/2005) (IEA, 2007 c). At present
renewable energy sources represent a 3.6% (38 PJ/year) of the total energy supply, from
which 2.8% corresponds to fire wood. By 2015 the range of renewable energy sources has to
be increased up to the level of 12% (Gıgös, 2005).
5.2.3

Biomass potential of Hungary

In Hungary biomass is the greatest renewable energy source potential. Hungary`s total
biomass potential is estimated at about 350-360 Mt from which 105.110 Mt biomass can be
reproduced in every year. The energy content of this yearly produced vegetal biomass is 1185
PJ, which exceeds the 1140 PJ/year total energy needs of Hungary.
The total yearly biomass production of the agriculture is about 57-58 Mt including the
agricultural by-products as well, from which 4.5-5 Mt is for direct human consumption, 1617 Mt is for animal feed and 6-7 Mt is processed by food industry. Forestry can supply 9 Mt
of biomass. The unused biomass is increases the soils organic content when stalk, straw, other
plant residues and animal manure are mixed with soil.
In Hungary agricultural residues as by-products represent the biggest potential, like straw. In
an average year 4-4.5 Mt of straw is produced, from which 1.6-1.7 Mt is used by animal farms
and by paper and cellulose production. Based on this 2.4-2.8 Mt would be available for
energy production generating about 28-34 PJ energy. There were certain attempts to utilise
this potential but so far no success has been made.
Maize stalk would represent the largest potential on cultivated lands in a sense of leaving
highest biomass yields behind. 8-10 Mt is the yearly produced maize stalk from which
approximately 4-5 Mt would be available for energy production that would contribute 48-60
PJ energy per a year. In practice maize stalks are difficult and inefficient to collect and
because of their high moisture content there are certain problems with storage and further
process to fulfil energy needs.
Sun flower stalk and rapeseed stalk are also produced in a remarkable amount and could
provide 6 PJ heat. However there are certain technological constraints for collecting and
utilising the biomass still need to be improved.
Branches from grape and fruit growing farms can also be utilised for energy generation.
Yearly 350-400 thousand t is produced which would mean additional 5-6 PJ energy. Usually
these types of biomass is locally utilised since their collection process is still not solved.
When it comes to the question of energy cropping, two types raise interest in Hungary such as
Szarvas 1 energy grass and energy forests. Szarvas 1 energy grass could be cultivated on 5060 thousand ha and could give a 500-600 thousand t yield per year providing 6-7 PJ energy
more. The cultivation and harvest of Szarvas energy grass is solved, problems arise with its
burning characteristics (high silicon content). As a solution special furnace designs are under
construction. As the second energy cropping possibility energy forest could be cultivated on
100 thousand ha producing 25-30 PJ energy. The technology of harvesting and processing of
biomass coming from energy forest is currently under development showing promising results
45

for the near future (Gıgös, 2005). Table 17 shows the quantity of potential biomasses and the
possible produced energy amounts.
Table 17 Quantity of potential biomasses
Biomass

Quantity
1000 t/ year

Energy
PJ/year

Straw
Maize stalk
Grape and fruit tree
residues
Energy grass
Energy forest

2400-2800
4000-5000

28-34
48-60

350-400
500-600
1200-1800

5-6
6-7
25-30

Source: Gıgös, 2005

As it is discussed above Hungary has a lot of biomass potential that would contribute with a
remarkable amount of energy to the Hungarian energy supply. From the previously listed
biomass sources currently wheat straw is the most suitable feedstock for torrefied pellet
production. Since the harvest, collection, transportation and storage process of wheat straw is
solved not like maize, sunflower, rapeseed stalk and grape and fruit tree residues. Another
important factor is that cultivation structure of an area does not have to be changed if wheat
straw is utilised for energy production. In the case of Szarvas energy grass and energy forest
the cultivation structure of an area has to be changed in order to give place for cultivation of
these plants.
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5.3

Economic model

All the input parameters are determined based on the planned output capacity, which is about
50-60 kilotons of torrefied pellet production per a year. In this study 60 kilotons will be used
since the related economic parameters were already optimised by studies like Uslu et al. 2008
and Bergmann 2005, and input data is only available for that plant size.
The studies that had been carried on this field were applying some kind of woody biomass
(wood chips, saw dust, green wood) to technological end economic investigation. In studies
where feedstock was woody biomass calculations were carried on with around 50% of
moisture content indicating 150 kilotons feedstock needed for 60 kilotons of output capacity.
As this study is based on wheat straw input it means different input parameters. It is assumed
that straw has similar burning characteristics like woody biomass except its moisture content.
Process flow:

Main input parameters:

- biomass cost
- average yield
- biomass
characteristics
- land characteristics

Biomass source:
wheat straw bales
Harvesting operation

Transportation:
-truck (bales of
straw)

- capacity
- transportation cost

Storage:
-outdoor roofed
Torrefied pellet
production:
-torrefaction
-size reduction
-pelletisation /
densification

- capital investment
- capacity
- life time
- O&M,

Final conversion:
Coal fired power
plants

Figure 8 Process flow
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This study is conducted according to the process flow that is indicated in Figure 8. The whole
process starts with wheat production which is totally independent process. What relevant for
torrefied pellet production is the wheat straw that has to be collected after harvest. After
harvest wheat straw has to be transported and stored before torrefied pellet would be produced
from it. Since torrefied pellet can be regarded as a feedstock that can replace coal the final
conversion is assumed to be taken place in coal fired power plants.
Input parameters that are used in the economic model are gathered from literature and from
experts involved in Hungarian agriculture, energy sector, research institute and bank.
5.3.1

Input parameters of biomass source

Based on experts opinion the required amount of straw is about 75 kilotons as its moisture
content is much lower (10-20%) than moisture content of woody biomass. To get this amount
of feedstock what has to be kept in mind that Hungary is an agricultural country where the
total land area is 9 303 400 ha from which 1 125 466 ha is used for wheat production in 2008
(including durum wheat) (KSH). The quantity and quality of straw yields is highly determined
by the quality of soil it is cultivated on and the weather during the cultivation period. Usually
the range of straw yield per hectare is between 1.5-3.5 ton/ha and based on expert opinion
research can be done using the average, 2.5 ton/ha. Table 18 shows the calorific value of
straw under different condition. Table 19 shows various input parameters about wheat straw.

Calorific value (kJ/kg)
dry
daf
ar
HHV
19363
20998
17382
LHV
18028
19551
15934
Table 18 Calorific value of wheat straw
Source: http://www.ecn.nl/phyllis/dataTable.asp

Table 19 Input parameters of straw
Input parameters

Measurement unit

Total amount of wheat
straw needed
Average straw yield
per hectare

ton

Moisture content

%

Calorific value

MJ/kg

Total land area of Hungary
Total land area of
wheat production

ha
ha

Data range

Data used

70000-80000

ton/ ha

1.5-3.5
10-20

15.3-17.3
-

References
75000 personal opinion of
experts
2.5 http://www.kekenergia.com
/archiv/bio.html
15 Barótfi 1998,
http://www.kekenergia.com/archiv
/bio.html
16.3 Barótfi 1998

9303400 KSH 2008
1125466 KSH 2008

After harvest, once a year wheat straw can be collected. In Hungary the most applied form of
collection is making round bales of straw. Square bale are also possible but it is not that
common, that is the reason why round bale parameters are used for analysis. (Even though,
square bale would be much more suitable for the process since it has several economic

48

benefits like more effective space utilisation which would lead more cost effective
transportation, storage and handling.) The average round bale size is about 300 kg and 1.5 m3,
which means that from one hectare 8.3 bales can be collected. Production cost price of straw
in average is 1000 HUF/ bale with an average market price of 2000 HUF/bale. The market
price of one ton straw is highly deviated (4800-8000 HUF/ton) because of different regions
different and utilisation forms of straw (paper and cellulose industry can pay higher prices).
Relying on the above mentioned averages, the rounded average market price for straw 6700
HUF/ton was calculated and used for analysis. In Table 20 input parameters of harvest can be
seen.
Table 20 Input parameter of harvest
Input parameters

Measurement unit

Bale size (round bale)

kg

Data range

Data used

Bale size (round bale)

1.35-1.65

Amount of bale per hectare

m3
number of bales/ha

Cost price of a round bale

HUF/bale

900-1100

Market price of a
round bale
Market price of straw

HUF/bale

1500-2500

HUF/ton

4800-8000

250-350

References
300 personal opinion of experts
1.5 personal opinion of experts

4-15

8.3 own calculation
1000 personal opinion of
experts
2000 personal opinion of
experts
6700 personal opinion of experts, Varga
2007, own calculation

In Hungary there are two type of truck can be used for transporting the straw to its
destination, trucks with one transportation unit and trucks with two transportation unit and
capable of carrying about 15 and 30 round bales. The average transportation cost is set for 150
HUF/ ton/ km based on experts’ opinion. The average transportation distance from the land to
the TOP plants is calculated using a formula that was applied in the study of Uslu et al. 2008.
In order to apply this formula the following assumption were made: the TOP plant is located
in the centre of the area where straw is collected. The average transportation distance is
determined depending on the input capacity, the percentage of land occupied with wheat
cultivation and the biomass yield. The formula looks as follows: R=√(P/(2*π*Y*C)), where P
is plant capacity (ton/year), Y is biomass yield (tons/km2) and C is the percentage of total area
covered by wheat production. The average calculated transportation distance for one ton of
straw is 21.9 km (one way). When trucks with two transportation unit is considered the
number of truck loads are 7778, when trucks with one transportation unit is used the number
of truck loads are doubled. Input parameters related to wheat straw transportation to the TOP
plant can be seen in Table 21.
Table 21 Input parameters of straw transportation
Input parameters

Measurement unit

Truck with one
transportation unit
Truck with two
transportation unit
Transportation cost

number of bales/truck

14-15

number of bales/truck

30-32

Total land area of Hungary
Total land area of
wheat production
% of total land area
covered by wheat production
Average transportation distance to
TOP plant (one way)

Data range

HUF/ton/km

Data used

140-160

References

15 personal opinion of
experts
30 personal opinion of
experts
150 personal opinion of
experts
9303400 KSH 2008
1125466 KSH 2008

ha
ha

-

%

-

10 own calculation

km/ton

-

21.9 Uslu et al. 2008,
own calculation
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5.3.2

Input parameters of TOP process

To determine capital investment cost and production cost related to the whole TOP process
(including drying, torrefaction, size reduction, densification (pelletisation), and cooling) data
was obtained from the study of Uslu et al. (2008), Bergmann (2005) and from experts. In
these studies the already optimised output capacity (60 kilotons) and thermal input capacity
(40 MWth) with 50% moisture content of the feedstock was applied assuming green wood,
wood chips and sawdust as feedstock. As this study is done using wheat straw as feedstock,
based on the available data various assumptions has to be made.
The determined total capital investment is between 10-12 M€ including drying, torrefaction,
size reduction, densification (pelletisation), cooling and OSBL (outside battery limits). As
wheat straw has an average moisture content of 15%, according to experts there is no need to
apply dryer equipments. On the other hand wheat straw is less dense than any kind of woody
biomass, which means that storage capacity has to be bigger to be able to store larger amount
of straw supporting continuous supply for TOP process. As a result, in this study it is assumed
that instead of dryer equipment additional storage capacity is needed. The total required
investment cost is 11 M€.
To perform the financial analysis (net income, operating cash flow, NPV) of TOP process
investment, various economic data has to be determined. The depreciation period of the
project is assumed to be 10 years, equal with the expected lifetime of torrefaction equipments.
Depreciation is calculated using linear method. 50% of the investment is financed by loan and
the rest of the project is financed by venture capital. BUBOR (9.5%) + 4% is used to verify
the interest of the loan. The expected return on equity is assumed to be 24%. Based on the
expected rate of return on equity and the interest rate of the loan the weighted average cost of
capital can be calculated (12.5%), which is used to determine the projects NPV. To conduct
the analysis the current (2009) corporate tax rate (16%) of Hungary is used, which is also
relevant for 2008. Table 22 shows the related input parameters of the investment.
Table 22 Input parameters of TOP investment
Input parameters

Measurement unit

Production output capacity

ton

Normalized capacity

MWth(input)

Total capital investment

€

Weighted Average Cost of Capital (WACC)
Depreciation period
Depreciation method
BUBOR 2008/2009
Interest rate BUBOR
2008/2009+4%
Financed by loan
Corporate tax in Hungary

%
year

Data range

Data used

50000-60000
-

%
%

1000000012000000
10
9.5+4

%
%

-
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References

60000 Bergmann 2005,
Uslu et al. 2008
40 Bergmann 2005,
Uslu et al. 2008
11000000 personal opinion of experts
12.5
10
linear
9.5
13.5

own calculation
Bergmann 2005,
Bergmann 2005
MNB
personal opinion of experts

50 Bergmann 2005 et al.
16 http://www.penzugysziget.hu/ado
/tarsasagi-ado.html

In order to establish production costs the average of the input parameters are used in the case
of cooling water (16.7 m3/ton product), natural gas (4.3 MWth) and power (0.92 MWe)
consumption needed for TOP process. Based on the previously mentioned inputs the amount
of utility fuel (3642352.94 m3) and electricity (7360000 kWh) can be calculated. The cost of
input parameters needed for production was determined based on the current (2009)
Hungarian market price that can be seen in Table 21. Obtaining the data from Uslu et al 2008,
operation and maintenance (O&M) cost is 5% of the total capital cost assuming 8000 hours
operation time. Table 23 summarises the main input parameters that determines the
production cost of torrefied pellet.
Table 23 Input parameters of production
Input parameters

Measurement unit

Cooling water

m3/ton product
MWth
MWe
%
hour
m3

Utility fuel (natural gas)
Power consumption
O&M
Operation time
Amount of utility fuel
(natural gas) needed
Amount of electricity
needed
Cost of electricity
Cost of natural gas
Cost of natural gas
consuming >500m3/hour
Cooling water

Data range

Data used
-

3.9-4.7
0.83-1.01
7000-8760
-

kWh

-

HUF/kWh

-

HUF/m3
HUF/MJ

-

HUF/m3

4.5-9

-

References
16.7 Bergmann 2005

4.3
0.92
5
8000
3642352.94

Bergmann 2005
Bergmann 2005
Uslu et al. 2008
Uslu et al. 2008
own calculation

7360000 own calculation
23 personal opinion of experts
88.502 own calculation
2.603 http://www.egaz-degaz.hu/hu/
szamlazas_gazar.html
6.75 personal opinion of experts

Table 24 showing data that is used to determine labour cost. According to experts, a plant
with an output capacity of 60 kilotons needs 5 operator teams each consist of 4 operator and it
needs three managers (a plant manager, a logistics manager and a general manager) working
in three shifts a day. In each operator team, it is assumed that there is one person with a
university diploma and the other members have technical college diploma.
To determine the yearly gross salaries www.berbarometer.hu website`s salary calculator was
used. The following assumptions were applied:
• Operators with a university diploma: male, 5 years of experience, company employs
less than 50 people
• Operators with technical college diploma: male, 5 years of experience, company
employs less than 50 people
• Managers with university diploma: male, 10 years of experience, company employs
less than 50 people
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Table 24 Input parameters of labour
Input parameters

Measurement unit

Number of shifts per day
Number of operator teams

number of shifts/day
number of teams

-

3 Bergmann 2005,
5 personal opinion of experts

Number of people per
operator team
Number of managers

people/team

-

4 personal opinion of experts

number of people

-

3 personal opinion of experts

Yearly gross salary of an
operator with university
diploma
Yearly gross salary of an
operator with
technical college diploma

HUF/people/year

-

2534060 www.berbarometer.hu

HUF/people/year

-

2101461 www.berbarometer.hu

Yearly gross salary of a
manager

HUF/people/year

-

4151720 www.berbarometer.hu

5.3.3

Data range

Data used

References

Description of the market

Besides torrefied pellet has large advantage over fresh biomass and conventional pellet in a
sense of storage, handling, transportation and burning characteristics, it has major role in
reaching policy targets related to reduce CO2 emission and increase the share of Renewable
Energy Sources (RES) in the energy mix. Torrefied pellet can be utilised in combustion (cofiring in existing power coal fired plants or can be combusted on its own), gasification (for
transportation fuel or electricity and heat generation) and in further pyrolysis. The major end
use option for torrefied pellets is direct co-firing in existing coal fired power plant applying
outdoor storage, co-milling with coal mills.
Take into account all the positive characteristics and the major role of torrefied pellet as
reaching policy targets in this study it is assumed that torrefied pellet can be utilised in existed
coal fired power plants of Hungary. It is also assumed that 10% of the coal can be replaced by
torrefied pellet. There are five coal or lignite fired power plants in Hungary. Table 25 shows
the main characteristics of Hungarian coal fired power plants.
Table 25 Hungarian coal fired power plants
Power plants
Ajka power plant
Márta power plant
Borsod
power
plant
Tiszapalkonya
power plant
Oroszlány power
plant

input
coal
lignite + biomass
coal +biomass

capacity (MW)
102
941
136.9

coal +biomass

200

coal

240

Source: Magyar Villamos Erımővek Zrt, 2007
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5.3.4

Plant location

Location of the torrefied pellet plant is determined by two main factors such as the location of
the potential customers (coal fired power plants) and the location of the main wheat producing
areas in Hungary.
There are two regions where wheat production appears the most. In Northern Great Plain
wheat was produced on 236318 ha and in Southern Great Plain wheat producing area reached
271442 ha in 2008, which can be seen from Table 26 below.
Table 26 Production of Wheat (including durum wheat) by territorial unit, 2008
Territorial unit

Budapest
Pest
Central Hungary region
Fejér
Komárom-Esztergom
Veszprém
Central Transdanubia region
Gyır-Moson-Sopron
Vas
Zala
Western Transdanubia region
Baranya
Somogy
Tolna
Southern Transdanubia region
Borsod-Abaúj-Zemplén
Heves
Nógrád
Northern Hungary region
Hajdú-Bihar
Jász-Nagykun-Szolnok
Szabolcs-Szatmár-Bereg
Northern Great Plain region
Bács-Kiskun
Békés
Csongrád
Southern Great Plain region
Country Total

Harvested
Area
Production
(hectares) (tons)
8
55
63
59
28
29
117
67
28
126
31
56
60
52
169
72
52
15
140
76
123
35
236
86
114
70
271
1 125

193
468
661
606
132
501
239
150
116
852
586
891
310
398
599
112
398
845
355
528
992
798
318
453
916
073
442
466

37
266
304
348
146
131
626
323
152
135
611
335
310
311
957
344
245
70
660
395
578
161
1 134
435
570
352
1 359
5 653

183
992
175
454
301
368
123
473
799
077
349
848
507
230
585
486
594
456
536
202
375
120
697
749
793
663
205
670

Average
yield
(kg/ha)
4 540
4 810
4 780
5 850
5 200
4 450
5 340
4 820
4 840
4 800
4 820
5 900
5 150
5 940
5 650
4 780
4 690
4 450
4 710
5 160
4 670
4 500
4 800
5 040
4 970
5 030
5 010
5 020

Source: KSH 2008

From this two regions the largest wheat production area is belongs to Jász-Nagykun-Szolnok
County with 123992 ha. Figure 9 shows the map with all the regions of Hungary and below
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that Figure 10 can be seen with the counties and the chief town of the counties. The chief
town of Jász-Nagykun-Szolnok county is Szolnok which is located in the middle of Hungary.

Source: http://en.wikipedia.org/wiki/Regions_of_Hungary

Figure 9 Regions of Hungary

Source: http://en.wikipedia.org/wiki/Regions_of_Hungary

Figure 10 Chief towns of Hungarian Counties
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Source: Magyar Villamos Mővek Zrt., 2007

Figure 11 Location of coal fired power plants in Hungary
Coal fired power plant
Figure 11 shows a map about the Hungarian coal fired power plants which are indicated with
brown circles. It can be seen that coal fired power plant are located at two side of Hungary,
western and northern side. Combining the main wheat production area with the location of the
power plants, Szolnok would be the best place to built a torrefied pellet plant, as Szolnok is
located almost equal distance from the two side location of the power plants, and wheat straw
can be collected in most efficient way, since Jász-Nagykun-Szolnok County is the county
with the most dense wheat producing area. Moreover Szolnok has good infrastructural
parameters such as it is located on the riverside of Tisza River; it has good railway and
highway connection as well.
5.3.5

Factors determining the market price of torrefied pellet

There are three main factors that determine the market price of torrefied pellet: coal price,
Feed-in Tariff and CO2 trading price. Price determining factors can be seen in Table 27
relevant for 2008 and 2009 as well. To establish the suitable market price for torrefied pellet
the main statement is that torrefied pellet can replace coal. Applying this statement the major
price determiner factor is coal price.
Furthermore, as torrefied pellet is made from biomass (in this study: wheat straw), therefore
power plants utilising it, will get a certain price for the electricity that is generated from
torrefied pellet in a form of Feed-in Tariff (FIT). Feed-in tariff is a compulsory fixed price for
electricity that is produced from biomass (or other renewables) regulated by the government
to stimulate and support the usage of renewable energy sources. The degree of the incentive
effect of Feed-in Tariff is highly dependent on the manufacturing price of electricity (market
price of electricity). The realised additional income for the power plants can be calculated as

55

follows: FIT- manufacturing price of electricity. Additional information related to FIT is
provided in Appendix 1.
The third major factor is CO2 trading price. It is also relevant for power plants, providing
them an additional income source when torrefied pellet is utilised. In the EU Emission
Trading Scheme large companies (in this case coal fired power plants) or organisations are
assigned a credit of carbon that they are allowed to emit. If a power plant’s emission is less
than its credit then it can sell its carbon credits (calculated in tonnes of carbon dioxide). The
essence of emission trading system is to reduce companies’ and courtiers’ carbon-dioxide
emissions below a target level in order to support Kyoto Protocol and to sell the extra
reduction as a credit to a company or country that has not met its target level. When a power
plant is using coal, its CO2 emission is around 760 g/kWh. If torrefied pellet is used CO2
emission is 61 g/kWh, which mean 699 g/kWh less CO2 emission. This difference can be
traded on carbon market.
Table 27 Factors determining the market price of torrefied pellet
Input parameters

Measurement unit

Coal price 2008

USD/ton

77-194

Coal price 2009

USD/ton

74-85

CO2 trading price 2008
CO2 trading price 2009

EUR/ton
EUR/ton

20-30
5-10

Feed in tariff 2008/2009

HUF/kWh

29.56-26.46-10.8

Manufacturing price of
electricity 2008
Manufacturing price of
electricity 2009

HUF/kWh

20-25

23 personal opinion of experts

HUF/kWh

8-12

10 personal opinion of experts

5.3.6

Data range

Data used

References
130 www.bloomberg.com
(Russian coal price)
80 www.bloomberg.com
(Russian coal price)
25 NEF
7.5 http://www.carbonpositive.net/vie
warticle.aspx?articleID=1432
25.14 www.biomasszaeromuvek.hu

Description of various scenarios and sensitivity analysis

All scenarios are calculated based on the data specified under section 5.3 Economic model
and in Appendix 2 which relevant for both years of 2008 and 2009.
To accomplish the economic analysis: scenario analysis and sensitivity analysis of the Default
scenario will be conducted. Scenarios are determined based on the assumption that the plant
construction will be done in 2009-2010 and with an operation period 2011-2020. Cash flows
start from 2011. To determine the cash flows for the financial lifetime of the projects related
to all scenarios certain assumptions had to be made:
• For coal and CO2 price, 8% of yearly increase is assumed as a sum of Hungarian
consumer price index (6%) and the yearly growth of the world’s energy consumption
(2%).
• For Feed-in Tariff, 5% of yearly increase is assumed, which is the Hungarian inflation
rate.
• For all the cost parameters 6% yearly increase is assumed based on the Hungarian
consumer price index.
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Default scenario is built up using data relevant for 2008/2009 and corresponding to year 2008
since the year of 2008 can be considered as an economically normal/average year. After the
credit crisis at the end of 2008 it is essential to conduct economic analysis with data related to
2009 which is the direct consequence of credit crisis. As 2008 is taken to be the basis year it is
also important to observe the relevant worst and best case situations. Description of scenarios
can be seen in Table 28.

Table 28 Description of scenarios
Scenarios

Description

Default

Using data relevant for year 2008/2009, indicated under section 5.3 Economic model, all
data are average based

Best case

Using data relevant for year 2008/2009, indicated under section 5.3 Economic model, the
basic data is average based. Changing variables are: lowest feedstock price (HUF/ton),
reduced transportation distance (km/ton), reduced amount of utility fuel needed (m3),
highest coal price (USD/ton), highest CO2 trading price (EUR/ton), fixed Feed-in Tariff
(HUF/kWh), lowest market price of electricity (HUF/kWh), highest efficiency of coal fired
power plants in Hungary (%), based on year 2008.

Worst case

Using data relevant for year 2008/2009, indicated under section 5.3 Economic model, the
basic data is average based. Changing variables are: highest feedstock price (HUF/ton),
average transportation distance (km/ton), average amount of utility fuel needed (m3),
lowest coal price (USD/ton), lowest CO2 trading price (EUR/ton), fixed Feed-in Tariff
(HUF/kWh), highest market price of electricity (HUF/kWh), average efficiency of coal fired
power plants in Hungary (%), based on 2008.

2009

Using data relevant for year 2008/2009, indicated under section 5.3 Economic model, the
basic data is average based, the changing variables ( coal price (USD/ton), CO2 trading price
(EUR/ton), Feed-in Tariff (HUF/kWh), market price of electricity (HUF/kWh)) are based on
2009 values
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6. Result of the feasibility analysis
6.1

Default scenario

The default scenario was built up based on reflecting both years of 2008 and 2009. The main
input parameters can be seen in Table 29.
Table 29 Main input parameters of Default scenario
Default

Changing Cells:
feedstock price (HUF/ton)
average transportation distance (km/ton)

6700
21.9

amount of utility fuel needed (m3)
coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
market price of electricity (HUF/kWh)
efficiency of coal fired power plants
in Hungary (%)

3642353
130
25
25.14
23
30

Table 30 Result of the Default scenario
Result Cells:
Operating revenues
Coal price
CO2 trading
Feed in tariff
Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water
EBIT
Interest
Pretax income
Tax
Net income
Operating cash flow
NPV
IRR

Year 2011
€ 8 572 728
€ 5 917 158
€ 1 782 450
€ 873 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 1 707 042
€ 742 500
€ 964 542
€ 154 327
€ 810 216
€ 2 652 716
€ 7 705 655
23%
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In Table 30 the result of Default scenario can be seen. It is shown that under default situation
the operating revenues are € 8 572 728 with the total cost of goods sold € 6 865 686. As a
result EBIT is equal with € 1 707 042 and the net income is € 810 216. After calculating the
operating cash flow, which is € 2 652 716 the project’s NPV is € 7 705 655. Since the
project’s NPV is positive and the project’s IRR is 23%, which is 10,5% larger than the
assumed company’s WACC, the default situation is feasible under the determined conditions.
Income statement relevant for 2011-2020 is presented in Appendix 3.
Table 31 Sensitivity analysis of Default scenario
Default

min/ max
Sensitivity
value
analysis
when NPV=0 based on
NPV=0

Feedstock price (HUF/ton)
6700
11685
Average transportation distance (km/ton)
21.9
55
Amount of utility fuel needed (m3)
3642352.941176477867150
Coal price (USD/ton)
130
99
CO2 trading price (EUR/ton)
25
5.57
Feed-in Tariff (HUF/kWh)
25.14
21.35
Market price of electricity (HUF/kWh)
23
26.8
Efficiency of coal fired power plants
30
14
in Hungary (%)

74%
151%
116%
24%
78%
15%
17%
53%

min/max
value when
Net income
2011=0
9915
43.3
6366987
108
11.5
22.8
25.4
19

Sensitivity
analysis
based on Net
income=0
48%
98%
75%
17%
54%
9%
10%
37%

Sensitivity analysis was conducted in order to find out the lowest and highest values of the
main parameters which can provide the minimal acceptance level. Sensitivity analysis has
been done when the project’s NPV is 0 to examine the long term sensitivity of the project, and
an analysis also has been carried on when the net income of year 2011(first operating year) is
0 to study the short term sensitivity of the main input parameters.
The result of the sensitivity analysis can be seen in Table 31. It can be concluded that the
project is less sensitive to the changes of the main parameters in long term view when NPV
was inspected. Looking at the sensitivity of the project for the year 2011 is much lower,
which can tolerate a reduced amount of change in the main parameters.
It is also visible that there are three main parameters determine the most both the project’s
NPV and net income. The first parameter that has greatest effect is the Feed-in Tariff. In the
sense of NPV Feed -in Tariff can be decreased by 15% and in the case of net income it can
only decline by 9%. The parameter that has the second largest impact on NPV and net income
is the market price of electricity. In a long term view, market price of the electricity could
increase by 17% and when net income is considered this increase could only be 10%. Coal
price has the third greatest influence on the NPV and net income. Coal price could go down
by 24% to get to 0 NPV and by 17% to net income.

6.2

Best case scenario

Best case scenario was built up using the data described under section 5.3 Economic model,
but the main input parameters indicated in Table 32 has been changed assuming the lowest
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feedstock price, highest coal price, highest CO2 trading price, lowest market price of
electricity. In the case of average transportation distance it was assumed that with
technological development other type of biomass (maize stalk, sunflower stalk, and rapeseed
stalk) can also be harvested, collected and utilised in the torrefied pellet plant which would
mean that the average transportation distance of the biomass could be reduced to 10 km/ ton.
The amount of utility fuel needed for the process has been reduced by 50% based on the
assumption that with further improvement of the torrefaction process the torrefaction gas can
be recycled with higher efficiency resulting 50% less utility fuel need. As the Feed- in Tariff
is fixed and regulated by the government therefore it has not been changed. Since in Hungary
the average efficiency rate of coal fired power plants is around 30% (derived from old
technologies) it was assumed that investment has been made in much more effective
technologies that are currently available on the market for coal fired power plants to reach the
50% efficiency (which is the normal efficiency rate at present). With all these assumptions the
Best case scenario refers to the absolute best case that could be reached assuming certain
technological change and improvement.
Table 32 Changing parameters of Best case scenario
Default

Best case

6700
21.9

4800
10

3642353
130
25
25.14
23

1825000
194
30
25.14
20

30

50

€ 8 572 728
€ 5 917 158
€ 1 782 450
€ 873 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 1 707 042
€ 742 500
€ 964 542
€ 154 327
€ 810 216
€ 2 652 716
€ 7 705 655
23%

Year 2011
€ 15 890 320
€ 8 830 220
€ 3 564 900
€ 3 495 200
€ 5 116 828
€ 1 440 000
€ 450 000
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 646 065
€ 27 054
€ 10 773 492
€ 742 500
€ 10 030 992
€ 1 604 959
€ 8 426 034
€ 10 268 534
€ 55 888 142
63%

Changing Cells:
feedstock price (HUF/ton)
average transportation distance (km/ton)
amount of utility fuel needed (m3)
coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
market price of electricity (HUF/kWh)
efficiency of coal fired power plants
in Hungary (%)

Table 33 Result of Best case scenario
Result Cells:
Operating revenues
Coal price
CO2 trading
Feed in tariff
Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water
EBIT
Interest
Pretax income
Tax
Net income
Operating cash flow
NPV
IRR
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Result of the best case scenario compare to the default scenario is shown in Table 33. It can
be seen that in this case it is a highly profitable business with a net income of € 8 426 034
resulting operating cash flow € 10 268 534 in 2011. The project’s NPV is € 55 888 142
providing an extremely high IRR which is 63%. It is clearly visible that this absolute best case
scenario results tremendous outcome. Income statement of the Best case scenario relevant for
2011-2020 can be seen in Appendix 4.

6.3

Worst case scenario

Worst case scenario was also created by relying on the data in section 5.3 Economic model.
The main parameters shown in Table 34 were changed assuming the highest feedstock price,
lowest coal price, lowest CO2 trading price and he highest market price of electricity
compared to the Default scenario. The average transportation distance of biomass, amount of
utility fuel needed, the Feed-in Tariff and the efficiency of coal fired power plant have not
been changed.
Table 34 Changing parameters of Worst case scenario
Default

Worst case

6700
21.9

8000
21.9

3642353
130
25
25.14
23

3642353
77
20
25.14
25

30

30

Changing Cells:
feedstock price (HUF/ton)
average transportation distance (km/ton)
amount of utility fuel needed (m3)
coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
market price of electricity (HUF/kWh)
efficiency of coal fired power plants
in Hungary (%)
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Table 35 Result of Worst case scenario

Result Cells:
Operating revenues
Coal price
CO2 trading
Feed in tariff
Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water
EBIT
Interest
Pretax income
Tax
Net income
Operating cash flow
NPV
IRR

€ 8 572 728
€ 5 917 158
€ 1 782 450
€ 873 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 1 707 042
€ 742 500
€ 964 542
€ 154 327
€ 810 216
€ 2 652 716
€ 7 705 655
13%

Year 2011
€ 4 987 858
€ 3 504 778
€ 1 425 960
€ 57 120
€ 7 255 686
€ 2 400 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
-€ 2 267 827
€ 742 500
-€ 3 010 327
-€ 481 652
-€ 2 528 675
-€ 686 175
-€ 13 766 180
-

The result of the Worst case scenario compared to the Default scenario can be seen in Table
35. It is shown; when the main parameters that were changed in the above mention way it is a
very unfavourable business resulting -€ 2 528 675 net income with cash flow of -€ 686 175.
In this case the project’s NPV is -€ 13 766 180. In this case the project is not feasible at all.
Income statement of the Worst case scenario reflected the period of 2011-2020 is shown in
Appendix 5.

6.4

2009 scenario

2009 scenario was formulated using the data under section 5.3 Economic model as well. The
main parameters have been changed based on the data in section 5.3.5 in Table 26 where data
is also indicated related only to 2009. In 2009 scenario the coal price, the CO2 trading price
and the market price of electricity have been changed, since rest of the main parameters are
the same as it was in year 2008. Data from 2009 is the result of the credit crisis which started
in September 2008 causing an unusual economic situation. Since the credit crisis affected the
main price determiner factors it is worth to see whether the project is feasible under special
conditions like this. The main changing parameters compared to the Default scenario can be
seen in Table 36.
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Table 36 Changing parameters of 2009 scenario

Default

2009

6700
21.9

6700
21.9

3642353
130
25
25.14
23

3642353
80
7.5
25.14
10

30

30

Changing Cells:
feedstock price (HUF/ton)
average transportation distance (km/ton)
amount of utility fuel needed (m3)
coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
market price of electricity (HUF/kWh)
efficiency of coal fired power plants
in Hungary (%)

The result of 2009 scenario is shown in Table 37. It can be seen that even though the main
price determiner factors changed a lot, the project is still profitable. The net income in 2011 is
€ 2 305 798 with an operating cash flow of € 4 148 298. The projects NPV is € 14 526 070
with an IRR of 31%. Due to the credit crisis all the price determining factors dropped
dramatically, but the result is more promising than it was at the Default scenario. The reason
behind the good result could be the that the Feed-in Tariff is fixed but the market price of
electricity decreased with a high level causing greater difference which results greater
additional profit. The 2009 scenario is definitely feasible. Income statement of 2009 scenario
for 2011-2020 can be seen in Appendix 6.
Table 37 Result of 2009 scenario
Result Cells:
Operating revenues
Coal price
CO2 trading
Feed in tariff
Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water
EBIT
Interest
Pretax income
Tax
Net income
Operating cash flow
NPV
IRR

€ 8 572 728
€ 5 917 158
€ 1 782 450
€ 873 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 1 707 042
€ 742 500
€ 964 542
€ 154 327
€ 810 216
€ 2 652 716
€ 7 705 655
23%

64

Year 2011
€ 10 353 183
€ 3 641 328
€ 534 735
€ 6 177 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 3 487 497
€ 742 500
€ 2 744 997
€ 439 200
€ 2 305 798
€ 4 148 298
€ 14 526 070
31%

6.5

Summary of scenarios

Below in Table 38 the summary of all scenarios can be seen. Based on the scenarios’ NPV
and IRR it is clearly visible that the absolute winner is the Best case scenario with an NPV of
€ 55 888 142 and IRR of 63%. The second best result is provided by the 2009 scenario having
an NPV of € 14 526 070 and IRR 31%. On the third place is the Default scenario with an
NPV of € 7 705 655 and IRR of 23%. The last is the Worst case scenario with an NPV of -€
13 766 180.

Table 38 Summary of scenarios

Changing Cells:
feedstock price (HUF/ton)
average transportation distance (km/ton)
amount of utility fuel needed (m3)
coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
market price of electricity (HUF/kWh)
efficiency of coal fired power plants
in Hungary (%)

Result Cells:
Operating revenues
Coal price
CO2 trading
Feed in tariff
Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water
EBIT
Interest
Pretax income
Tax
Net income
Operating cash flow
NPV
IRR

Default

Best case

Worst case

2009

6700
21.9

4800
10

8000
21.9

6700
21.9

3642353
130
25
25.14
23

1825000
194
30
25.15
20

3642353
77
20
25.16
25

3642353
80
7.5
25.17
10

30

50

30

30

€ 8 572 728
€ 5 917 158
€ 1 782 450
€ 873 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 1 707 042
€ 742 500
€ 964 542
€ 154 327
€ 810 216
€ 2 652 716
€ 7 705 655
23%
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Year 2011
€ 15 890 320
€ 4 987 858
€ 8 830 220
€ 3 504 778
€ 3 564 900
€ 1 425 960
€ 3 495 200
€ 57 120
€ 5 116 828
€ 7 255 686
€ 1 440 000
€ 2 400 000
€ 450 000
€ 985 500
€ 226 590
€ 226 590
€ 550 000
€ 550 000
€ 1 100 000
€ 1 100 000
€ 677 120
€ 677 120
€ 646 065
€ 1 289 422
€ 27 054
€ 27 054
€ 10 773 492
-€ 2 267 827
€ 742 500
€ 742 500
€ 10 030 992
-€ 3 010 327
€ 1 604 959
-€ 481 652
€ 8 426 034
-€ 2 528 675
€ 10 268 534
-€ 686 175
€ 55 888 142
-€ 13 766 180
63%
-

€ 10 353 183
€ 3 641 328
€ 534 735
€ 6 177 120
€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054
€ 3 487 497
€ 742 500
€ 2 744 997
€ 439 200
€ 2 305 798
€ 4 148 298
€ 14 526 070
31%
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7. Conclusions and discussion
7.1

Conclusions of economic and technological review of biomass
conversion technologies

Conclusions from a technological perspective
After reviewing the main biomass conversion technologies from technological point of view
six basic technologies were identified with their relevant sub groups, which are shown in
Table 39 below. It can be concluded that:
• Technologies are developing in order to reach large scale and more efficient
production.
• All technologies have to deal with certain characteristics of biomass, such as the fact
that biomass is not a dense matter, and therefore difficult to harvest, transport, store
and process; and there is no commodity market for it. These facts represent the main
barriers for these technologies.
• Technologies relying on biomass that is not suitable for human or animal feed are in
the main focus of interest of all basic technologies in order to avoid food-fuel issues.
Table 39 Conversion technologies and their sub groups
Combustion

Gasification

Input

solid biomass and
waste (dry)

Output

Sub groups

Pyrolysis

Anaerobic
digestion

Esterification Fermentation

solid biomass and solid biomass
waste (dry)
and waste
(dry)

wet biomass and
waste

oily feedstock

sugar, starch and lignocellulosic feedstock

heat, power

heat, power, fuel
(gaseous, liquid)

heat, power, fuel
(gaseous)

fuel (liquid)

fuel (liquid)

-district heating and
CHP (commercially
available)
-large-scale
combustion
(commercially
available)
-co-combustion
(commercially
available)

-small scale
gasification
(commercially
available)
-large scale
gasification
(demonstration)
-gasification for
co-firing (pilot)

-farm or
community based
(commercially
available)
-industry based
(commercially
available)
-landfill gas
utilisation
(commercially
available)

-first
generation
(commercially
available)
-second
generation
(demonstration
/pilot)

-sugar containing
feedstock (first
generation, commercially
available)
-starch containing
feedstock (first
generation, commercially
available)
-ligno-cellulose
containing feedstock
(second generation,
demonstration/pilot)

heat, power,
fuel (liquid,
solid)
-fast pyrolysis
(close to
commercially
available)
-torrefaction
(close to
commercially
available)

Conclusions from an economic perspective
After examining the technologies from an economic point of view the following conclusions
were made:
• It turned out that production cost and investment cost cannot support a general
decision making process in biomass sector, since these costs are highly specific,
dependent on the input, output, pre-treatment technology and configuration of the
technology (for example reactor type etc.). Production and investment cost can support
only the decision in main technological groups or comparing relevant sub groups of
technologies related to the required output or input.

67

• Parameters like available input (feedstock), required output, required scale and status
of the technology can support a general decision making process the best.
• Decision making process:
o If solid biomass is available and the required output is heat and power and
small scale application is required, the best option is small scale gasification.
o If solid biomass is available and the required output is heat and power and
large scale application is required, two options are possible: large scale
combustion and co-combustion.
o If wet biomass is available the only option is anaerobic digestion.
o If gaseous fuel is the required output, there are two options: when solid
biomass is available gasification (which is not yet commercially available) is
the only possibility, and when wet biomass is available anaerobic digestion is
the only option.
o If the required outcome is liquid fuel there are four options: esterification,
fermentation, gasification and pyrolysis. When oily feedstock is available
esterification is the best option. When sugar or starch containing feedstock is
available fermentation is the choice of technology. When ligno-cellulosic
feedstock is available there are three possible technologies like: fermentation
of ligno-cellulosic feedstock, gasification and pyrolysis. Fermentation of lignocellulosic feedstock is the closest to being commercialised followed by
gasification and finally pyrolysis.
o If the required output is solid fuel the only option is torrefaction (close to being
commercialised).
Selection of TOP process
Top process (torrefied pellet production) was selected for further analysis based on ingoing
supply and relevance of the output, because it provides a product that can directly replace coal
resulting in an efficient solution for the supply chain and technological efficiency problems of
technologies like combustion, gasification and pyrolysis. Applying torrefied pellet in
combustion, gasification and in further pyrolysis all output areas (heat, power, solid fuel,
liquid fuel and gaseous fuel) of biomass energy sector can be covered and improved without
effecting food supply.

7.2

Conclusion of economic feasibility analysis of Torrefied Pellet
Production

The analysis was built up to examine the economic feasibility of an assumed torrefied pellet
plant which would be built in Hungary and producing torrefied pellet for the domestic market,
assuming a 10% of co-firing range in the existing coal fired power plants.
Conclusions on Hungarian potential for TOP production:
• Hungary has a remarkable biomass potential as a renewable energy source, from
which wheat straw turned out to be suitable for torrefied pellet production.
• Szolnok has been selected as a potential location to build the torrefied pellet plant.
• Feed-in Tariff is the only relevant subsidy supporting indirectly torrefied pellet
production. It is a fixed price paid for the electricity produced from torrefied pellet for
coal fired power plants and it is regulated by the government.
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To study the economic aspect of torrefied pellet production in Hungary scenario analysis and
sensitivity analysis of the Default scenario have been conducted. Results of scenarios are in
Table 40. Results of sensitivity analyses can be seen in Table 41.
Table 40 Input parameters and economic results of TOP production in Hungary
Parameters:
Feedstock price (HUF/ton)
Average transportation distance (km/ton)
Amount of utility fuel needed (m3)
Coal price (USD/ton)
CO2 trading price (EUR/ton)
Feed-in Tariff (HUF/kWh)
Market price of electricity (HUF/kWh)
Efficiency of coal fired power plants
in Hungary (%)
Economic results:
Net income (year 2011)
Operating cash flow
NPV
IRR

Default

Best case

Worst case

2009

6700
21.9

4800
10

8000
21.9

6700
21.9

3642353
130
25
25.14
23

1825000
194
30
25.15
20

3642353
77
20
25.16
25

3642353
80
7.5
25.17
10

30

50

30

30

€ 810 216 € 8 426 034 -€ 2 528 675 € 2 305 798
€ 2 652 716 € 10 268 534
-€ 686 175 € 4 148 298
€ 7 705 655 € 55 888 142 -€ 13 766 180 € 14 526 070
23%
63%
31%

Conclusions of scenario analyses
• In the Default scenario torrefied pellet production is feasible in Hungary with
positive NPV and a relatively high IRR (23%). Also the NPV is 0 even if the FIT
(which is the most important factor that determines the project’s feasibility)
decrease by 15%.
• In the alternative scenarios only the Worst case scenario proves not to be feasible,
because in this scenario the lowest price and highest cost parameters of 2008 were
used. From the other two alternative scenarios i.e. Best case and 2009 it can be
concluded that the project is highly profitable. This even holds for the specific case
of 2009, during which low coal and CO2 trading prices were out weighted by the
difference between the fixed FIT and the low market price of electricity.
Table 41 Result of sensitivity analyses
Default

min/ max
Sensitivity
value
analysis
when NPV=0 based on
NPV=0

Feedstock price (HUF/ton)
6700
11685
Average transportation distance (km/ton)
21.9
55
Amount of utility fuel needed (m3)
3642352.941176477867150
Coal price (USD/ton)
130
99
CO2 trading price (EUR/ton)
25
5.57
Feed-in Tariff (HUF/kWh)
25.14
21.35
Market price of electricity (HUF/kWh)
23
26.8
Efficiency of coal fired power plants
30
14
in Hungary (%)
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74%
151%
116%
24%
78%
15%
17%
53%

min/max
value when
Net income
2011=0
9915
43.3
6366987
108
11.5
22.8
25.4
19

Sensitivity
analysis
based on Net
income=0
48%
98%
75%
17%
54%
9%
10%
37%

Conclusions of sensitivity analysis
• FIT is the most important factor that determines the project’s feasibility, followed by
market price of electricity and coal price. For all these factors NPV is 0 if FIT would be
reduced by 15%, market price of electricity would increase by 17% and coal price would
decrease by 24%.
• TOP process in Hungary can be regarded as a relatively robust project as parameters can
stand a quite broad range of changes. Cost and price parameters can increase or decrease
at a relatively wide range (15-151%) resulting in a still feasible project. Project is more
sensitive in a short term perspective allowing less change (9-98%) in cost and price
parameters than in a long term perspective (15-151%).
Conclusion from risk perspective
From the risk perspective analyses seem to indicate that it is important for TOP plants in
Hungary (i) to control input and production costs, possibly by long-term contracts with
suppliers; and (ii) to reduce the risk of changing coal, CO2 trading price and market price of
electricity possibly by making long-term contracts with coal fired power plants to make the
operation less risky; and (iii) furthermore attention should be paid to FIT, since this is the only
parameter that cannot be controlled by the management of both TOP plants and coal fired
power plants.
Overall conclusion
In general from the review it can be concluded that it is possible to structure and support
investment decisions related to biomass conversion technologies; and torrefied pellet
production seems to be a very promising technology. The results of the feasibility analysis
show that TOP process is feasible in Hungary and the success of the project is highly depend
on two main facts such as: (i) how the management of TOP plant can control supply chain
matters; and (ii) uncertainty involved in the existence of FIT, which is out of the control of the
management.

7.3

Discussion

Data
The data collected for the economic and technological review of conversion technologies
were mainly based on literature review and New Energy Finance database. Since biomass
sector is a rapidly improving sector it has to be considered that most of the information used
in this report is from literature published in the year of 2004- 2008. This would mean that
currently (2009) published and reached developments are not included in this report. What
could have been done to improve the reliability of this report and to collect data from 2009 is
to contact the business sector and get direct information from them, since what is happening
in the business/ practice is not always covered by literature. Though in this report it is
indicated what are the main barriers, issues related to a conversion technology and what are
the main focus areas of the researches of a certain technology and also information provided
about the status of a technology.
Data used to conduct the economic feasibility analysis of a torrefied pellet plant in Hungary
were gathered from literature and experts. Data related to torrefied pellet production are
mainly from studies made by the Energy research Centre of the Netherlands (ECN). This data
can be considered reliable since ECN is a well-known institute in the Netherlands. Data
collection of Hungarian parameters needed for the analysis was quite a difficult task from the

70

Netherlands. Probably it would have been easier to do it in Hungary and collect the data there
but there were no budget to do so. As a solution data were collected from Hungarian experts.
The business case
The general framework of the scenarios was built up using the above mentioned information.
The changing parameters were determined by assuming technical improvement and by
changing the main parameters relevant for 2008 / 2009 and where data were clearly belong to
2009 separately from 2008 that data was applied. In order to provide a business case and to
establish the operating cash flow for the lifetime of the project to support NPV and IRR
calculation, certain assumptions had to be made about the yearly growth rate of costs and
revenues, which can be somewhat different from reality. Though, the presented results and
conclusions are not expected to be heavily influenced by these assumptions.
Technological parameters
The main assumption of this study was that torrefied pellet made of wheat straw has the same
characteristics as torrefied pellet made of wood. There is no data available to prove this, but
what is known that unprocessed wheat straw has higher chlorine and alkali metal content. If
wheat straw is the only feedstock used in an originally coal fired power plant it will cause
burning problems as a result of high chlorine and alkali metal content. But it is also known
that utilising wheat straw for co-firing in coal fired power plant at a range of maximum 10%
will not cause any trouble, so it can be assumed that torrefied pellet made of wheat straw used
in the same range for co-firing will not cause any difficulties either.

7.4

Further research

Expectations and views on further effects of TOP
When TOP process will be commercialized it could have further effect on esterification
(biodiesel production) and fermentation (bioethanol production), because gasification and fast
pyrolysis using torrefied pellet might have the possibility to produce liquid fuels in a more
efficient way that can replace biodiesel and bioethanol made from feedstock that raises foodfuel debates. It is also possible that producers of wood pellet, which is the currently used to
increase efficiency of biomass supply chains, might be out of business, because torrefied
pellets have much better characteristics than wood pellets. Looking at even further in the
future it is also possible that other renewable energy sectors like solar and wind sectors might
have been affected by the commercialisation of TOP process.
Suggestions for further research:
Research could be done to examine the exact economics of relevant technological sub groups
taking into account all the appropriate input, output, pre-treatment types and major
technological component parts.
Further research related to torrefied pellet production could be done in order to analyse the
economics and value added impacts of all biomass supply chains using torrefied pellet.
In the case of torrefied pellet made of straw what could be advisable to research is the
economic impact of washing the straw before making torrefied pellet out of it. With washing
the straw the burning characteristics of straw and torrefied pellet made of straw can be
improved.
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Produced
from waste

Produced
from
renewable
energy
sources

[GD 4. § (5), Suppl. Nr.1. pt. 5]

Produced by hydro PSU > 5 MW, other PSU >50 MW
[GD 4. § (4), Suppl. Nr.1. pt. 4]

Produced by PSU comprising used
equipment3
[GD
Suppl. Nr. 1. pt. 4]

27,73

18,39

18,39

19,11

11,77

9,97

11,77

11,77

8,63

21,17

11,77

10,80

26,46

10,80

26,46

Deep
2
valley

26,46

26,46

26,46

29,56

26,46

26,46

2

Valley

26,46

2

Produced by PSU of 20 MW or less
29,56
(except Solar)
[GD Suppl. Nr. 1. pt. 2. a)]
Produced by PSU of >20 MW - max. 50
Based on resolution of HEO6 adopted after 01.
MW (except Wind from 30th Nov. 2008,
23,56
01. 2008. (except hydro PSU >5 MW, other PSU >
Solar)
[GD
50 MW)
[GD 4.
Suppl. Nr. 1. pt. 3. a)]
§ (2)-(3), (6)]
Produced by Wind PSU of >20 MW max. 50 MW from 30th Nov. 2008
[GD Suppl. Nr. 1. pt. 3. b)]

Solar
[GD Suppl. Nr. 1. pt. 2. b)]

Based on resolution of Hungarian Energy Office Solar, Wind
[GD
(HEO) if it was adopted or the application was
Suppl. Nr. 1. pt.1. b)]
received before 01. 01. 2008. [except hydro power
Other than Solar and Wind
station units (PSU) >5 MW]
[GD Suppl. Nr. 1. pt. 1. a)]
[GD 4. § (1)]

Peak

From 1st January 2008
2

27,73

18,39

18,39

23,56

29,56

26,46

29,56

26,46

Peak

19,11

11,77

11,77

21,17

26,46

26,46

26,46

26,46

2

Valley

9,97

11,77

11,77

8,63

10,80

26,46

10,80

26,46

Deep
2
valley

From 1st July 2008

Electricity feed-in tariffs from 1st January 2009 (without VAT), HUF/kWh1

2

27,73

18,39

19,11

11,77

11,77

26,46

29,56

18,39

21,17

26,46

26,46

26,46

26,46

2

Valley

23,56

29,56

26,46

29,56

26,46

Peak

9,97

11,77

11,77

10,8

8,63

10,80

26,46

10,80

26,46

Deep
2
valley

From 30th October 2008
2

27,86

31,13

29,20

19,36

20,12

12,39

12,39

22,29

24,90

19,36

27,86

27,86

28,13

28,13

2

Valley

31,13

27,86

31,42

28,13

Peak

10,50

12,39

12,39

11,37

9,09

11,37

27,86

11,48

28,13

Deep
2
valley

From 1st January 2009

9. Appendices

Appendix 1 Feed-in Tariff 2008-2009
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Produced by
CHP process

4

3

- if the electricity is produced by PSU 50-190 MWe
during the heating season and the commercial
operation started before 01. 01. 2008. and
- if the useful heat from CHP is sold for district
heating purpose or for selected organisations5.
[GD 5. § (4) b)]

28,58
30,46*

17,97
19,15*

3,00

3,00

3,00

3,00

36,08

18,64
19,87*

27,32
29,12*

32,59
34,74*

23,69

11,64
12,41*

18,73
19,96*

20,82
22,19*

3,00

3,00

3,00

3,00

23,69

19,15

11,90
13,23*

19,15
21,28*

27,93
31,04*

19,06
21,18*

21,29
23,65*

33,32
37,03*

36,08

3,00

11,64
12,41*

18,73
19,96*

27,32
29,12*

18,64
19,87*

20,82
22,19*

32,59
34,74*

PSU between 100 - 190 MWe
[GD Suppl. Nr. 2. pt. 4]

17,97

3,00

3,00

3,00

30,46

28,58

11,64

18,73

27,32

18,64

20,82

32,59

PSU between 50 - 100 MWe
[GD Suppl. Nr. 2. pt. 5]

- if the electricity is produced by PSU 50-140 MWe during the heating season (at specific
electricity production index 0,38 for PSU >100 MW) and the commercial operation started
before 01. 01. 2008. and
- if the useful heat from CHP is sold for district heating purpose or for selected
organisations5.
[GD
5. § (4); Suppl. Nr. 2. pt. 4.]

- if the PSU has got production licence after 01. 01. 2008. and comprises used equipment
[GD 5. § (6); Suppl. Nr. 2. pt. 3.]

- if the nominal capacity of the PSU is between 50 - 100 MWe and the useful heat from CHP
is sold for district heating purpose or for selected organisations5,
or
- if the nominal capacity of the PSU is max. 20 MWe and the useful heat from CHP is sold
not for district heating purpose or selected organisations5, or the useful heat is sold from
20-50 MWe PSU which legally4 sold electricity before 01. 01. 2008.
[GD 5. § (3); Suppl. Nr. 2. pt. 3.]

- if the non-licenced PSU legally sold
electricity before 01. 01. 2008.
or
the PSU has got production licence and
the investment process has started
- if the nominal capacity of the PSU is max. 50
before 01. 01. 2008.
MWe and the useful heat from CHP is sold for
district heating purpose
[GD [GD Suppl. Nr. 2. pt. 1.]
- if the PSU was entitled to feed-in5. § (1)-(2), pt. a)]
tariffs after 01. 01. 2008.
or
or
- it
- if the nominal capacity of the PSU is max. 6
MWe and the useful heat from CHP is sold for non- has got production licence before 01.
01. 2008. but the investment process
district heating purpose
started after 01. 01. 2008.
- and in
[GD 5. § (1)-(2), pt. b)]
the case of PSU max. 6 MWe producing
useful heat for non-district purpose
this heat is sold for selected
organisations5
[GD Suppl. Nr. 2. pt. 2.]

3,00

3,00

3,00

3,00

3,00

* Prices with mark * relates to electricity produced by CHP firing natural gas. Feed-in tariffs calculations connected to public natural gas price change
see on page "Nat.gas price change"
1 - Based on 389/2007. (XII. 23.) Gov. decree (GD) about obligatory takeover and feed-in tariffs of electricity produced from renewable energy sources
or waste, and CHP
2 - Duration of parts of the day (time zones) on workdays according to GD
by the (Central European) time being in force (hereafter referred to winter time)
by the summer time set by a special rule
is as follows:

Winter time

Summer time

06:00 – 22:00

07:00 – 23:00

22:00 – 01:30 and

23:00 – 02:30 and

05:00 – 06:00

06:00 – 07:00

01:30 – 05:00

02:30 – 06:00

Time zones

Winter time

Summer time

Valley

06:00 – 01:30

07:00 – 02:30

01:30 – 06:00

02:30 – 07:00

Time zones

Peak

Valley

Deep valley

On non-working days:

Deep valley

Parts of the day (time zones) on 3 different territories of the country equivalent to licensed territories of 3 distributor's group (two distributors
in a group) are slipped by 30 minutes relating to each other (comparing to 1st group presented here, detailly see in Suppl. Nr. 3 of GD)
3 - By paragraph No. 2 of Gov. decree 273/2007. (X. 19.) about enforcement of instructions of Electricity Act LXXXVI. 2007. the equipment
is qualified as used if it was produced 5 years earlier than the production licence application.
4 - According to decree 56/2002. (XII. 29.) GKM about obligatory takeover of electricity and rules of its price setting.

5 - Upon the subpoint k) of point (1) of paragraph No. 2. of GD: "selected organisations: central budget organisation, budget organisation of
local municipalities, local governments, other non-profit, non-property organisations fulfilling public obligations with specific state support.
6 - Wind generators with licence adopted after 1st January 2008 can sell electricity in the framework of obligatory takeover on the criteria of a tender if
they win
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Basic prices
Price change: by the consumer price index (CPI) published last time by
Central Statistical Office (KSH) comparing to the same period of the
previous year (6,3 %), according to GD Suppl. Nr. 5. pt. 1.
Price change: by CPI published last time by Central Statistical Office
(KSH) comparing to the same period of the previous year and reduced
by 1 % efficiency factor (5,3 %), according to GD Suppl. Nr. 5. pt. 2.
Price change: (relating to prices of natural gas fired CHP units with mark
*): by 6,6 %, taking into account 11 % value of FG (July/January 2008)
according to GD Suppl. Nr. 6. pt. 1. a)-b), 2. and 3.
Price change relating to prices of natural gas fired CHP units with mark
*: by 6,6 %, taking into account 9,5 % value of FG (January 2009/July
2008) and 3,25 % INF (mean value of 2009. CPI forecast range of
Hungarian National Bank) according to GD Suppl. Nr. 6. pt. 1. a)-b) and
3.

Source: www.biomasszaeromuvek.hu
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Appendix 2 Additional parameters used in calculation
Input parameters

Measurement unit

Calorific value of torrefied pellet

MJ/kg

19.9-22.7

20.4 Uslu et al. 2008

mass density (bulk) of torrefied
pellet

kg/m3

750-850

800 Uslu et al. 2008

Energy density of torrefied
pellet

GJ/m

3

14.9-18.4

16.65 Uslu et al. 2008

Average efficiency of
Hungarian coal fired power plans

%

-

CO2 (g) released per kWh
electricity generation using coal

g/kWh

-

760 Poldervaart 2008

CO2 (g) released per kWh
electricity generation using
torrefied pellet

g/kWh

-

61 Poldervaart 2008

CO2 (g) reduction per kWh
electricity generation using
torrefied pellet

g/kWh

-

1 kWh electricity in J
1 kWh electricity in GJ
Total amount of energy
generated from torrefied pellet

J
GJ
MJ

3600000 http://hauser.pm
0.0036 mf.hu/mertekegys
- 1224000000 own calculation

Total amount of energy
generated from torrefied pellet

GJ

-

Total amount of kWh is
generated

kWh

- 340000000 own calculation

KWh electricity is generated at
30% efficiency rate

kWh

- 102000000 own calculation

Exchange rate 2008
(HUF/EUR)
Exchange rate 2009
(USD/EUR)
Calorific value of natural gas

HUF/EUR

229.11-275.79

USD/EUR

-

Hungarian inflation rate
Hungarian consumer price index
Yearly growth rate of world`s
energy consumption

%
%
%

3

Data range

Data used References

34

MJ/m

-
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30 Nagy and Domina 2007

699 own calculation

1224000 own calculation

250 MNB
0.75861 www.x-rate.com
34 http://www.prima
gaz.hu
/binary/97.pdf
5 MNB
6 MNB
2 Shafiee and Topal 2007

€ 8 815 788
€ 2 689 833
€ 1 318 821
€ 303 228
€ 736 024
€ 1 100 000
€ 906 139
€ 1 725 538
€ 36 204

€ 9 278 735
€ 2 851 223
€ 1 397 951
€ 321 422
€ 780 186
€ 1 100 000
€ 960 508
€ 1 829 070
€ 38 377

€ 9 769 459
€ 3 022 297
€ 1 481 828
€ 340 707
€ 826 997
€ 1 100 000
€ 1 018 138
€ 1 938 814
€ 40 679

€ 14 432 556
€ 10 140 969
€ 3 054 806
€ 1 236 781

2018

€ 10 289 627
€ 3 203 635
€ 1 570 737
€ 361 149
€ 876 616
€ 1 100 000
€ 1 079 226
€ 2 055 143
€ 43 120

€ 15 551 294
€ 10 952 247
€ 3 299 191
€ 1 299 857

2019

€ 10 841 004
€ 3 395 853
€ 1 664 982
€ 382 818
€ 929 213
€ 1 100 000
€ 1 143 980
€ 2 178 451
€ 45 707

€ 16 757 702
€ 11 828 426
€ 3 563 126
€ 1 366 150

2020

€ 2 652 716 € 2 905 063 € 3 183 276 € 3 489 717 € 3 826 955 € 4 197 786 € 4 605 247 € 5 052 642 € 5 543 561 € 6 081 906

€ 8 379 045
€ 2 537 579
€ 1 244 171
€ 286 064
€ 694 362
€ 1 100 000
€ 854 848
€ 1 627 866
€ 34 155

€ 13 395 077
€ 9 389 786
€ 2 828 524
€ 1 176 766

2017

Operating cash flow

€ 7 967 024
€ 2 393 942
€ 1 173 746
€ 269 872
€ 655 059
€ 1 100 000
€ 806 461
€ 1 535 722
€ 32 222

€ 12 432 914
€ 8 694 246
€ 2 619 004
€ 1 119 663

2016

€ 1 707 042 € 2 021 599 € 2 366 948 € 2 745 901 € 3 161 518 € 3 617 126 € 4 116 341 € 4 663 097 € 5 261 667 € 5 916 698
€ 742 500 € 668 250 € 594 000 € 519 750 € 445 500 € 371 250 € 297 000 € 222 750 € 148 500
€ 74 250
€ 964 542 € 1 353 349 € 1 772 948 € 2 226 151 € 2 716 018 € 3 245 876 € 3 819 341 € 4 440 347 € 5 113 167 € 5 842 448
€ 154 327 € 216 536 € 283 672 € 356 184 € 434 563 € 519 340 € 611 095 € 710 456 € 818 107 € 934 792
€ 810 216 € 1 136 813 € 1 489 276 € 1 869 967 € 2 281 455 € 2 726 536 € 3 208 247 € 3 729 892 € 4 295 061 € 4 907 656

€ 7 578 324
€ 2 258 436
€ 1 107 308
€ 254 596
€ 617 980
€ 1 100 000
€ 760 812
€ 1 448 795
€ 30 398

€ 11 540 563
€ 8 050 228
€ 2 425 004
€ 1 065 332

2015

EBIT
Interest
Pretax income
Tax
Net income

€ 7 211 627
€ 2 130 600
€ 1 044 630
€ 240 185
€ 583 000
€ 1 100 000
€ 717 747
€ 1 366 787
€ 28 677

€ 10 712 925
€ 7 453 915
€ 2 245 374
€ 1 013 636

2014

€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054

2013

Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water

2012

€ 8 572 728 € 9 233 226 € 9 945 272
€ 5 917 158 € 6 390 531 € 6 901 773
€ 1 782 450 € 1 925 046 € 2 079 050
€ 873 120 € 917 649 € 964 449

2011

Operating revenues
Coal price
CO2 trading
Feed in tariff

Income statement(€)

Appendix 3 Income statement of Default scenario

82

83

€ 13 787 878
€ 519 750
€ 13 268 128
€ 2 122 900
€ 11 145 227

€ 14 956 917
€ 445 500
€ 14 511 417
€ 2 321 827
€ 12 189 590

€ 16 219 218
€ 371 250
€ 15 847 968
€ 2 535 675
€ 13 312 293

€ 17 582 282
€ 297 000
€ 17 285 282
€ 2 765 645
€ 14 519 637

€ 19 054 212
€ 222 750
€ 18 831 462
€ 3 013 034
€ 15 818 428

€ 22 360 412
€ 74 250
€ 22 286 162
€ 3 565 786
€ 18 720 376

€ 7 886 347
€ 2 432 850
€ 760 266
€ 382 818
€ 929 213
€ 1 100 000
€ 1 143 980
€ 1 091 513
€ 45 707

€ 30 246 759
€ 17 651 651
€ 7 126 252
€ 5 468 856

2020

€ 10 268 534 € 11 036 892 € 11 867 376 € 12 764 977 € 13 735 090 € 14 783 543 € 15 916 637 € 17 141 178 € 18 464 525 € 19 894 626

2019

Operating cash flow

€ 12 705 162
€ 594 000
€ 12 111 162
€ 1 937 786
€ 10 173 376

€ 24 380 230
€ 14 012 450
€ 5 657 048
€ 4 710 731

2018

€ 20 643 768
€ 148 500
€ 20 495 268
€ 3 279 243
€ 17 216 025

€ 11 702 347
€ 668 250
€ 11 034 097
€ 1 765 456
€ 9 268 642

€ 22 694 640
€ 12 974 491
€ 5 238 008
€ 4 482 142

2017

€ 10 773 492
€ 742 500
€ 10 030 992
€ 1 604 959
€ 8 426 034

€ 21 128 070
€ 12 013 417
€ 4 850 007
€ 4 264 645

2016

EBIT
Interest
Pretax income
Tax
Net income

€ 19 671 984
€ 11 123 535
€ 4 490 747
€ 4 057 702

2015

€ 7 502 214
€ 2 295 141
€ 717 232
€ 361 149
€ 876 616
€ 1 100 000
€ 1 079 226
€ 1 029 729
€ 43 120

€ 18 318 470
€ 10 299 569
€ 4 158 099
€ 3 860 801

2014

Total Cost of Goods Sold € 5 116 828 € 5 357 838 € 5 613 308 € 5 884 107 € 6 171 153 € 6 475 422 € 6 797 947 € 7 139 824
Feedstock costs
€ 1 440 000 € 1 526 400 € 1 617 984 € 1 715 063 € 1 817 967 € 1 927 045 € 2 042 668 € 2 165 228
Transportation costs
€ 450 000 € 477 000 € 505 620 € 535 957 € 568 115 € 602 202 € 638 334 € 676 634
Labour costs
€ 226 590 € 240 185 € 254 596 € 269 872 € 286 064 € 303 228 € 321 422 € 340 707
Maintenance costs
€ 550 000 € 583 000 € 617 980 € 655 059 € 694 362 € 736 024 € 780 186 € 826 997
Depreciation
€ 1 100 000 € 1 100 000 € 1 100 000 € 1 100 000 € 1 100 000 € 1 100 000 € 1 100 000 € 1 100 000
Cost of electricity
€ 677 120 € 717 747 € 760 812 € 806 461 € 854 848 € 906 139 € 960 508 € 1 018 138
Cost of natural gas
€ 646 065 € 684 828 € 725 918 € 769 473 € 815 642 € 864 580 € 916 455 € 971 442
Cost of cooling water
€ 27 054
€ 28 677
€ 30 398
€ 32 222
€ 34 155
€ 36 204
€ 38 377
€ 40 679

€ 17 060 185
€ 9 536 638
€ 3 850 092
€ 3 673 455

2013
€ 28 145 981
€ 16 344 122
€ 6 598 381
€ 5 203 478

€ 15 890 320
€ 8 830 220
€ 3 564 900
€ 3 495 200

Operating revenues
Coal price
CO2 trading
Feed in tariff

2012
€ 26 194 037
€ 15 133 446
€ 6 109 612
€ 4 950 979

2011

Income statement(€)
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2018

2019

2020

84

-€ 674 509

€ 7 625 027
€ 2 544 000
€ 1 044 630
€ 240 185
€ 583 000
€ 1 100 000
€ 717 747
€ 1 366 787
€ 28 677

-€ 654 825

€ 8 016 528
€ 2 696 640
€ 1 107 308
€ 254 596
€ 617 980
€ 1 100 000
€ 760 812
€ 1 448 795
€ 30 398

-€ 626 114

€ 8 431 520
€ 2 858 438
€ 1 173 746
€ 269 872
€ 655 059
€ 1 100 000
€ 806 461
€ 1 535 722
€ 32 222

-€ 587 261

€ 8 871 411
€ 3 029 945
€ 1 244 171
€ 286 064
€ 694 362
€ 1 100 000
€ 854 848
€ 1 627 866
€ 34 155

-€ 537 043

€ 9 337 696
€ 3 211 741
€ 1 318 821
€ 303 228
€ 736 024
€ 1 100 000
€ 906 139
€ 1 725 538
€ 36 204

-€ 474 109

€ 9 831 958
€ 3 404 446
€ 1 397 951
€ 321 422
€ 780 186
€ 1 100 000
€ 960 508
€ 1 829 070
€ 38 377

-€ 396 978

€ 10 355 875
€ 3 608 713
€ 1 481 828
€ 340 707
€ 826 997
€ 1 100 000
€ 1 018 138
€ 1 938 814
€ 40 679

-€ 304 020

€ 10 911 228
€ 3 825 235
€ 1 570 737
€ 361 149
€ 876 616
€ 1 100 000
€ 1 079 226
€ 2 055 143
€ 43 120

-€ 193 445

€ 11 499 901
€ 4 054 750
€ 1 664 982
€ 382 818
€ 929 213
€ 1 100 000
€ 1 143 980
€ 2 178 451
€ 45 707

-€ 686 175

2017

Operating cash flow

2016

-€ 2 267 827 -€ 2 239 796 -€ 2 202 220 -€ 2 153 897 -€ 2 093 502 -€ 2 019 575 -€ 1 930 511 -€ 1 824 545 -€ 1 699 738 -€ 1 553 958
€ 742 500 € 668 250 € 594 000 € 519 750 € 445 500 € 371 250 € 297 000 € 222 750 € 148 500
€ 74 250
-€ 3 010 327 -€ 2 908 046 -€ 2 796 220 -€ 2 673 647 -€ 2 539 002 -€ 2 390 825 -€ 2 227 511 -€ 2 047 295 -€ 1 848 238 -€ 1 628 208
-€ 481 652 -€ 465 287 -€ 447 395 -€ 427 784 -€ 406 240 -€ 382 532 -€ 356 402 -€ 327 567 -€ 295 718 -€ 260 513
-€ 2 528 675 -€ 2 442 759 -€ 2 348 825 -€ 2 245 864 -€ 2 132 761 -€ 2 008 293 -€ 1 871 109 -€ 1 719 728 -€ 1 552 520 -€ 1 367 695

2015

EBIT
Interest
Pretax income
Tax
Net income

2014

€ 7 255 686
€ 2 400 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054

2013

Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water

2012

€ 4 987 858 € 5 385 230 € 5 814 308 € 6 277 623 € 6 777 909 € 7 318 121 € 7 901 447 € 8 531 330 € 9 211 490 € 9 945 943
€ 3 504 778 € 3 785 160 € 4 087 973 € 4 415 011 € 4 768 212 € 5 149 669 € 5 561 643 € 6 006 574 € 6 487 100 € 7 006 068
€ 1 425 960 € 1 540 037 € 1 663 240 € 1 796 299 € 1 940 003 € 2 095 203 € 2 262 819 € 2 443 845 € 2 639 352 € 2 850 501
€ 57 120
€ 60 033
€ 63 095
€ 66 313
€ 69 695
€ 73 249
€ 76 985
€ 80 911
€ 85 037
€ 89 374

2011

Operating revenues
Coal price
CO2 trading
Feed in tariff

Income statement(€)

Appendix 5 Income statement Worst case scenario

2018

2019

€ 7 211 627
€ 2 130 600
€ 1 044 630
€ 240 185
€ 583 000
€ 1 100 000
€ 717 747
€ 1 366 787
€ 28 677

€ 7 578 324
€ 2 258 436
€ 1 107 308
€ 254 596
€ 617 980
€ 1 100 000
€ 760 812
€ 1 448 795
€ 30 398

€ 7 967 024
€ 2 393 942
€ 1 173 746
€ 269 872
€ 655 059
€ 1 100 000
€ 806 461
€ 1 535 722
€ 32 222

€ 8 379 045
€ 2 537 579
€ 1 244 171
€ 286 064
€ 694 362
€ 1 100 000
€ 854 848
€ 1 627 866
€ 34 155

€ 8 815 788
€ 2 689 833
€ 1 318 821
€ 303 228
€ 736 024
€ 1 100 000
€ 906 139
€ 1 725 538
€ 36 204

€ 9 278 735
€ 2 851 223
€ 1 397 951
€ 321 422
€ 780 186
€ 1 100 000
€ 960 508
€ 1 829 070
€ 38 377

€ 9 769 459
€ 3 022 297
€ 1 481 828
€ 340 707
€ 826 997
€ 1 100 000
€ 1 018 138
€ 1 938 814
€ 40 679

€ 10 289 627
€ 3 203 635
€ 1 570 737
€ 361 149
€ 876 616
€ 1 100 000
€ 1 079 226
€ 2 055 143
€ 43 120

85

€ 7 172 157
€ 74 250
€ 7 097 907
€ 1 135 665
€ 5 962 242

€ 10 841 004
€ 3 395 853
€ 1 664 982
€ 382 818
€ 929 213
€ 1 100 000
€ 1 143 980
€ 2 178 451
€ 45 707

€ 18 013 161
€ 7 279 032
€ 1 068 938
€ 9 665 192

2020

€ 4 148 298 € 4 391 087 € 4 652 386 € 4 933 635 € 5 236 388 € 5 562 324 € 5 913 259 € 6 291 155 € 6 698 135 € 7 136 492

2017

Operating cash flow

2016

€ 3 487 497 € 3 790 674 € 4 115 888 € 4 464 852 € 4 839 414 € 5 241 576 € 5 673 499 € 6 137 518 € 6 636 161
€ 742 500 € 668 250 € 594 000 € 519 750 € 445 500 € 371 250 € 297 000 € 222 750 € 148 500
€ 2 744 997 € 3 122 424 € 3 521 888 € 3 945 102 € 4 393 914 € 4 870 326 € 5 376 499 € 5 914 768 € 6 487 661
€ 439 200 € 499 588 € 563 502 € 631 216 € 703 026 € 779 252 € 860 240 € 946 363 € 1 038 026
€ 2 305 798 € 2 622 837 € 2 958 386 € 3 313 885 € 3 690 888 € 4 091 074 € 4 516 259 € 4 968 405 € 5 449 635

2015

EBIT
Interest
Pretax income
Tax
Net income

2014

€ 6 865 686
€ 2 010 000
€ 985 500
€ 226 590
€ 550 000
€ 1 100 000
€ 677 120
€ 1 289 422
€ 27 054

2013

Total Cost of Goods Sold
Feedstock costs
Transportation costs
Labour costs
Maintenance costs
Depreciation
Cost of electricity
Cost of natural gas
Cost of cooling water

2012

€ 10 353 183 € 11 002 301 € 11 694 213 € 12 431 876 € 13 218 460 € 14 057 364 € 14 952 234 € 15 906 978 € 16 925 788
€ 3 641 328 € 3 932 634 € 4 247 245 € 4 587 025 € 4 953 987 € 5 350 305 € 5 778 330 € 6 240 596 € 6 739 844
€ 534 735 € 577 514 € 623 715 € 673 612 € 727 501 € 785 701 € 848 557 € 916 442 € 989 757
€ 6 177 120 € 6 492 153 € 6 823 253 € 7 171 239 € 7 536 972 € 7 921 358 € 8 325 347 € 8 749 940 € 9 196 186

2011

Operating revenues
Coal price
CO2 trading
Feed in tariff

Income statement(€)

Appendix 6 Income statement of 2009 scenario

