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Summary 
The aim of this report is to describe the state- of-the-art concerning systems and technologies 

for utilising waste for energy purposes. The work presented is part of the project REMOWE - 

Regional Mobilising of Sustainable Waste-to-Energy Production part-financed by the 

European Union (European Regional Development Fund) as one of the projects within the 

Baltic Sea Region Programme. 

 

Waste is a heterogeneous energy source and different types of waste can be converted to 

different energy products in different conversion processes. The conversion processes can be 

divided into biological processes, that use microorganisms to convert a feedstock to energy 

rich products, and thermal processes where the feedstock is converted to heat, electricity 

and/or gas at high temperatures. 

 

In anaerobic digestion biogas, mainly consisting of methane, is produced. A large variety of 

wastes are digested such as sludge from waste water treatment, grease trap sludge, manure, 

biowaste, municipal solid waste, food wastes, refuse derived fuel and industrial waste water. 

Important parameters in the design and operation are the temperature, the moisture content 

in the reactor, the number of steps and phases of the process, the mixing in the reactor, and 

the type and number of feedstock. Anaerobic digestion is today a well-proven technology for 

waste treatment but development is needed concerning feedstock pre-treatment, avoidance 

of inhibition, mixing, and monitoring and control. 

 

Another biological conversion process that can use waste as feedstock is fermentation to 

ethanol or butanol. Wastes of interest for fermentation are industrial waste waters and 

lignocellulosic wastes such as straw and wood wastes. Fermentation of sugary wastes to 

ethanol is a mature and well-proven technology but fermentation of lignocellulosic waste and 

fermentation to butanol is still at the research stage. The development areas include 

increasing the yield, process design, and increasing the energy efficiency including process 

integration. 

 

Combustion is a mature and well-proven technology that has been used for waste treatment 

of many types of wastes such as municipal solid waste, refuse derived fuels, agriculture 

wastes, wood wastes, packaging waste, industrial waste, hazardous waste, and sludge from 

waste water treatment. Still, there are needs for development making the process more 

efficient as an energy conversion process, including improved emission control, plant 

efficiency and ash handling.  

 

Pyrolysis and gasification have been used for waste treatment but the technology is still in the 

development stage.  For pyrolysis the influence of process parameters on the gas and by-

product quality and plant efficiency are of interest for further development.  While, for 

gasification gas cleaning, tar reduction, process operation conditions and increasing plant 

energy efficiency are development areas. Types of wastes that are used in both pyrolysis and 

gasification processes are municipal wastes, refuse derived fuels and sludge from waste water 

treatment. There are also examples of other more specific wastes such as synthetic waste and 
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used tires that have been used for pyrolysis and packaging waste and hazardous wastes that 

have been used for gasification.   

 

Anaerobic digestion, fermentation, gasification and pyrolysis give products that can be used 

as fuel in further energy conversion. Ethanol from fermentation is usually used as a fuel in 

transportation. The gas from anaerobic digestion can also, after upgrading, be used as fuel for 

transportation but it can also be used directly in an oven, gas engine or gas turbine for heat 

and power production. The gas from gasification and pyrolysis can be used in a similar way as 

the gas from digestion but it can also be further reformed for production of other types of 

transportation fuels.  

 

Process modelling can be a usable tool for understanding complex energy conversion 

processes and for optimisation of operation conditions. Process modelling also offers the 

possibility to control the process and predict its outcome. For biogas production in anaerobic 

digestion and for thermal gasification there exist different modelling approaches.   
 

Different waste to energy systems have been compared in literature. However, no clear 

conclusions about what waste to energy technology that is most favourable can be drawn 

from the studies found. The results of the comparisons are dependent on the conditions 

chosen for the study as for example where the system is located and what combinations that 

are included in the options compared. 
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1.  Introduction 
The aim of this report is to describe the state- of-the-art concerning systems and technologies 

for utilising waste for energy purposes. The authors of the report come from the following 

organisations: 

 

Eva Thorin, Lilia Daianova, Johan Lindmark, Eva Nordlander, Han Song 

Mälardalen University, School of Sustainable Development of Society and Technology,    P.O.  

Box 883, SE-721 23 Västerås, Sweden 

 

Ari Jääskeläinen 

The Municipal Federation of Savonia University of Applied Sciences, P.O. Box 6, FI-70201, 

Kuopio, Finland 

 

Laura Malo 

Centre for Economic Development, Transport and the Environment for North Savo (CNS), 

North Savo Ympäristö ja luonnonvarat, PL 1049 Sepänkatu 2B, FI-70101 Kuopio, Finland 

 

Emilia den Boer, Jan den Boer, Ryszard Szpadt 

Wrocław University of Technology, Institute of Environment Protection, Wybrzeże 

Wyspiańskiego 27, 50-370 Wrocław, Poland 

 

Olga Belous 

Klaipeda University, H. Manto g. 84, LT- 92294 Klaipeda, Lithuania 

 

Taivo Kaus, Maarja Käger 

Estonian Regional and Local Development Agency, Ahtri 8, EE-10151Tallinn, Estonia 

1.1  The REMOWE project 
The work presented is a part of the project REMOWE - Regional Mobilising of Sustainable 

Waste-to-Energy Production part-financed by the European Union (European Regional 

Development Fund) as one of the projects within the Baltic Sea Region Programme. 

 

The overall objective of the REMOWE project is, on regional levels, to contribute to a 

decreased negative effect on the environment by reduction of carbon dioxide emissions by 

creating a balance between energy consumption and sustainable use of renewable energy 

sources. Reduction of carbon dioxide emissions and use of renewable energy sources are 

broad areas and this project will focus on energy resources from waste and actions to 

facilitate implementation of energy efficient technology in the Baltic Sea region within the 

waste-to-energy area. The focus is to utilize waste from cities, farming and industry for 

energy purposes in an efficient way. The problem addressed by the project concerns how to 

facilitate the implementation of sustainable systems for waste-to-energy in the Baltic Sea 

region and specifically, as a first step, in the project partner regions.  

 

The project partnership consists of Mälardalen University, with the School of Sustainable 

Development of Society and Technology coordinating the project, and The County 
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Administrative Board of Västmanland in Sweden, Savonia University of Applied Sciences, 

Centre for Economic Development, Transport and the Environment for North Savo, and 

University of Eastern Finland (UEF) in Finland, Marshal Office of Lower Silesia in Poland, 

Ostfalia University of Applied Sciences,  Ostfalia University of Applied Sciences 

Braunschweig / Wolfenbüttel  in  Germany, Klaipeda University in Lithuania, and Estonian 

Regional and Local Development Agency (ERKAS) in Estonia. 

 

First, partner regions will do parallel investigations on the current status, the bottle-necks 

and the needs for development and innovation. Partnering regions will then jointly study 

possible future status and paths to get there, taking into consideration the basis of each 

region. Possibilities to build a regional model of the waste-to-energy utilization will be piloted 

in the project, with North Savo in Finland as the target region.  

 

The project activities are divided into 5 work packages (WP). WP 1 concerns project 

management and WP 2 contains the project communication and information activities. In 

WP 3 the current status of the partner regions is explored, in WP 4 the possible future status 

is investigated and in WP 5 modelling of a sustainable regional waste-to-energy system will 

be studied. 

 

The work presented in this report is part of the work in WP 4. The aim of this WP is to find 

and improve possibilities within the whole partnership for development in the waste-to-

energy area. The starting point will be the current status in the partner regions, investigated 

in WP3. To be able to find possible future systems it is also important to include knowledge 

about the state of the art for waste- to-energy production systems and technology and to 

develop it further for the conditions in the partner regions. Another aim of this WP is to 

promote new and innovative solutions and strategies for development in the waste-to-energy 

area. For this it is important to include views and wishes from versatile players in the field, 

including both international experts in the area and regional stakeholders such as SME:s. 

 

This state of the art report presents knowledge in the waste- to- energy area reported in 

international journal publications, EU-project reports, national reports and websites of 

companies and organisations. The focus is on areas of interest for the project partners and 

the further work in the project to find possible future systems and improvements within the 

waste-to-energy area. 

1.2  Waste utilisation pathways 
Waste is a heterogeneous energy source and different types of waste can be converted to 

different energy products in different conversion processes. Figure 1.1 shows an overview of 

possible pathways for waste to energy conversion.  

 

In Chapter 2 and 3 of this report an overview of the conversion processes and problems and 

development discussed in literature today is given. In Chapter 4 and 5 some examples on 

integration of several systems and studies concerning comparison of different systems for 

waste-to-energy utilisation is presented. The report is finalised with some conclusions of the 

information found. 
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Figure 1.1 Waste to energy conversion pathways. 
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2.  Biological processes 
In biological processes microorganisms are used to convert a feedstock to energy rich 

products such as biogas and ethanol.  

2.1  Biogas from waste 
Biogas is produced using microorganisms that transform the raw material into methane and 

carbon dioxide in an anaerobic digestion process. Depending on the used material for 

digestion (e.g. waste) also H2S and NH3 in the range of ppm can occur as well as additionally 

trace gas compounds in ppb range (Ahrens, 2011). 

 

Germany is the leading country for biogas production in Europe and in year 2000 there were 

850 biogas plants in Germany, in 2006 the number was 3500 and there are plans to 

construct 43000 biogas plants until year 2020 (Deublein and Steinhauser, 2011). According 

to De Baere et al. (2010) the number of installed digesters for anaerobic digestion of 

municipal solid waste (MSW) and biowaste in Europe is about 200, with a total capacity of 

about 6 million tons per year.  In Figure 2.1.1 the percentage of the biogas production in 

Europe for the European countries is presented. 

 

Most research on anaerobic digestion for biogas production has concerned using sludge from 

municipal waste water treatment plants or manure as the substrate. However, interest in 

producing biogas from any kind of organic waste as well as from different crops and farm 

land residues  has increased. For example in Germany, biogas production began with using 

manure as a substrate. After year 2000 pre-sorted organic wastes were started to be used and 

energy crops became a matter of interest after 2004. Today, the technology for biogas 

production is not optimized, and for biogas to be fully commercially competitive with other 

types of fuels, improvements have to be made.  There are for example questions 

 

 
 

Figure 2.1.1 Percentage of total biogas production in Europe 2009 (in total 8.3 million tons of oil equivalent). 

(Eurobserver, 2010) 

53% 

20% 

6% 

5% 

3% 

3% 2% 

1% 1% 

6% 
Germany

UK

France

Italy

The Netherlands

Spain

Austria

Sweden

Poland

Others



10 

concerning the influence of the microbiological community, inhibition of different 

substances, like ammonia, on the process and discussions about different pre-treatment 

methods (Nielsen and Angelidaki, 2008;Palatsi et al., 2009;Weiland, 2010). The influence of 

the substrate used on the gas is also a matter of interest.  

2.1.1   The biological process 

The biogas process can be divided into four steps: hydrolysis, acidogenic phase, acetogenic 

phase and methanogenic phase, see Figure 2.1.2. 

 

The incoming substrate is built of carbohydrates, proteins and fats and these compounds are 

not water-soluble. These undissolved compounds are broken down into water-soluble 

fragments (monomers) by exoenzymes produced by bacteria. The bacteria can produce two 

kinds of enzymes, endoenzymes and exoenzymes. The difference is that endoenzymes brake 

down substances within the bacteria cell while exoenzymes are released from the bacteria 

and brakes down substances outside the bacteria cell. Not all bacteria produce exoenzymes 

and typically one exoenzyme can only degrade one type of substrate so a large group of 

bacteria is needed for this process. The products of this stage are some simple sugars, fatty 

acids and amino acids.  The monomers that were the products of the hydrolytic phase can 

now be taken up by the bacteria, even those that do not produce exoenzymes, and be further 

degraded into short-chain organic acids, alcohols, hydrogen and carbon dioxide. 

Acetogenesis can either be seen as a separate step or as a part of the acetogenic phase. The 

product of the acetogenic phase is acetate. Acetate is important because it is the primary 

substrate used by methanogenic microorganisms. In the methanogenic phase the 

methanogenic microorganisms form methane using mostly acetate, carbon dioxide and 

hydrogen gas. Methane can also be formed from some other organic compounds but all 

compounds that are not degraded by the methanogenic bacteria will accumulate in the 

digester. (Gerardi, 2003; Deublein and Steinhauser, 2008) 

 

Weiland (2010) mentions that the further development of the biogas production process 

includes better understanding of the influence of the structure of the community of 

microorganisms on the stability of the process and the biogas yield. 

 
Figure 2.1.2. The biogas process can be divided into four steps. 
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2.1.2  Pre-treatment  

For improving the amount of biogas that can be produced from the substrate feed to the 

digester the substrate can be pre-treated to make the material more available for the 

microorganisms. There are several possible pre-treatment methods such as mechanical pre-

treatment, steam pre-treatment and electroporation. 

 

In the pre-treatment method called electroporation the substrate is exposed to electrical 

pulses with the aim to form pores in the cell membrane of the material. The method is on the 

research stage and has been studied for pre-treatment of sewage sludge (Choi et al., 2006), 

source-sorted municipal organic solid waste (Carlsson et al., 2008; Uldal et al., 2009) and ley 

crop silage (Lindmark et al. 2010) . The studies have shown an increase of biogas production, 

compared to untreated material, of up to 14 % for municipal waste (Uldal et al., 2009), up to 

100 % for ley crop silage (Lindmark et al. 2010) and up to 150 % for sewage sludge (Choi et 

al., 2006). Lindmark et al. also showed that the energy balance for the pre-treatment is 

positive and gives 2-5 times larger energy output in the form of methane compared to the 

electric energy input for the process.  The method has to be further developed to be possible 

to use in full-scale. For example, the influence of the shape and size of the reaction container 

and of the electrodes on the performance of the treatment has to be studied as well as optimal 

field strength, frequency and the specific energy input per pulse (Lindmark et al., 2010; 

Lebovka, 2002; Bazhal et al., 2003; Ade-Omowaye et al., 2000) 

2.1.3  Process design and operation 

In a paper presented by Hilkiah Igoni et al. (2008) the key analyses involved in the design of 

anaerobic digesters for the production of biogas from municipal solid waste are reviewed. 

The authors draw the conclusion that not much can be found in literature about the design of 

processes using solid waste for biogas production. In a book by Deublein and Steinhauser 

(2011) the current knowledge about biogas production and plant design is summarized.  

 

De Baere et al.(2010) defines three categories of digesters for anaerobic digestion of 

municipal waste and biowaste based on capacity, smaller plants (8000- 15 000 tons/year) 

medium sized plants (30 000-50 000 tons/year) and large plants (100 000 to 200 000 

tons/year) and conclude that new installations in Sweden, Norway, Austria and Switzerland 

are often smaller plants, while medium sized plants are more common in Germany, Belgium 

and Italy and large plants in UK and France. The type of plants that are used can be classified 

by several different design and operation parameters. The most important parameters are 

summarised in Table 2.1.1 

 

In Table 2.1.2 data for some existing biogas plants are given. In Figure 2.1.3 examples of 

process layouts for biogas plants using waste as substrate are presented and Figure 2.1.4 

shows a biogas plant in Kitee, Finland.  
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Table 2.1 .1 Design and operation parameters used for classification of anaerobic digestion plant types. (De Baere 

et al., 2010) 

Parameter Characteristics 

Temperature Mesophilic (35°C to 40°C) Thermophilic (50°C to 55°C). 

Moisture content in reactor Wet (< 10 % dry solids) Dry (> 15 % dry solids) 

Complexity One step/phase Two steps/phases 

Number of feedstock Single material Co-digestion of several 

materials 

Type of feedstock Residual/mixed waste Biowaste 

 

Temperature 

Mesophilic operation temperatures are more common than thermophilic for digestion of 

MSW and biowaste. About 70 % of the installations done in Europe from 1991 are mesophilic 

even though thermophilic installations have increased after 2005 (De Baere et al., 2010). 

Also for agricultural biogas production mesophilic operation is most common (Weiland, 

2010). Weiland also points out that with increased use of heat from combined heat and 

power (CHP) biogas plants or biogas production where the gas is not used for CHP but for 

example is upgraded and injected into the natural gas grid the mesosophilic process could 

also be more energy efficient.  Suryawanshi et al. (2010) summarise knowledge about 

thermophilic anaerobic digestion. They present data from 12 studies of thermophilic 

anaerobic digestion of waste of which 9 were lab-scale studies. Most studies concerned MSW 

or cow manure as substrate but there are also some studies on industrial wastes. Their 

conclusion is that thermophilic operating temperature is interesting since it gives faster 

reaction rates and higher gas production but also because of better possibilities for 

destruction of pathogens at high operating temperature. The drawbacks mentioned are high 

energy demands, long start-up time, higher sensitivity of the microorganisms for 

environmental changes and with that a more unstable process. 

Moisture content in the reactor 

The dry digestion process is an anaerobic digestion technology for solid, stackable biomass 

and organic waste, which cannot be pumped. It is mainly based on a batch wise operation 

with a high dry matter content ranging from 20 to 50 % at mesophilic temperatures. 

According to De Baere et al. (2010) about 60 % of the installed capacity in Europe in 2010 for 

digestion of MSW uses dry processes and the plug flow type reactor is the most commonly 

used technique in Europe. Compared to wet digestion, the demands on feedstock are 

extremely low. Any organic solid mass that can be tipped, such as biowaste, cuttings and 

manure with up to 60% of dry substance can be used. Another advantage is also higher 

loading rates for the reactor in a dry process and with that smaller reactor for the same 

amount of substrate compared to a wet process. However, a disadvantage is that the 

equipment for handling of the dry material has to be more robust and with that usually more 

expensive. (De Baere et al., 2010; Kayhanian et al., 2007). The Dranco (Dry ANaerobic 

COmposting) process was developed in Belgium for high-solids anaerobic digestion of refuse 

derived fuel (RDF). The RDF is prepared by sorting incoming urban solid waste. The Dranco 

system is capable of removing most metals, glass, plastic, stone, recoverable paper, and other 

non-biodegradable items. The anaerobic treatment takes place in a vertical digester for a  
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Table 2.1.2 Biogas production techniques in some existing biogas plants using waste as feedstock. (Svensk 

Växtkraft, 2007; Malo and Turunen , 2010; Tianguan Group, 2011; Juvonen, 2010; Juvonen, 2011, Bioenergia, 

2011)  

Plant 

(year 

started) 

Tempe-

rature 

Mois-

ture 

content 

Process 

design 

Reten-

tion 

time 

[days] 

Gas  

production 

[MNm3/year] 

Feedstock 

[tons/year] 

Växtkraft, 

Västerås, 

Sweden 

(2005) 

Mesophilic 

37-45°C 

(target 37 °C) 

 

 

Wet 

(90-92%) 

 

One step 

4000 m3 

Gas 

mixing 

20  2.7 Household biowaste 

14 000 

Restaurant organic 

waste 4000 

Ley crop silage 5000 

 

 ZAK – 

Zweck-

verband, 

Germany 

 (1992) 

Thermophilic 

55°C 

Dry 

(70 %) 

One step 

1 300 m3 

20 2 

(6100 

Nm3/day) 

Biowaste 18 000 

Benc 

Bioenergie-

zentrum, 

Germany  

(2000) 

Mesophilic 

35°C 

? Two lines  

one with 

hygieni-

sation, 

one  

without  

Two 

steps – 

600 m3  

and 1200 

m3 

60 (with 

hygieni-

sation) 

30 

? 12 000 

Dairy waste (50%) 

Biowaste (20%) 

Horse manure (5%) 

Potato waste (5 %), 

Sugar beet, grain and 

other biomass (20%)  

Tianguan 

Group, 

Nanyang, 

Henan 

province, 

China 

(2010) 

Thermophilic 

55°C and 37°C  

Wet 

(96.5%) 

 

Two 

steps 

(1st 55°C , 

2nd 37°C) 

20 x  

1o ooo 

m3  

natural 

circula-

tion 

12 (aim 

4) 

50 (aim 150) Distillers waste from 

bioethanol production 

+ waste water from 

corn processing plant 

35 000 Nm3/day 

Biokymppi 

Oy‘, Kitee, 

Finland 

(2010) 

Mesophilic Wet Two 

lines,  

1 000 m3 

2 700 m3 

(One for 

manure 

and 

biowaste 

one for 

other 

mate-

rials) 

48 1.5  

(full load) 

Up to 19.000  

bio waste, packed bio 

waste, animal manure, 

water treatment sludge, 

food industry waste, 

grease trap sludge, 

green grass and coarse 

fish 
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(a) 

 
(b) 

 

Figure 2.1.3 Examples of two biogas plants using several waste streams (co-digestion) as substrate. In process (a) 

the substrates are organic MSW (1), sewage sludge (2) and fat removal sludge, distiller's waste, remains from bio 

oil production and confiscated liquor (3) and in process (b) the substrates are organic MSW and grease trap 

sludge (1) and ley crops silage (2). In both plants the raw biogas is upgraded to vehicle fuel. 
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Figure 2.1.4. Biokymppi Oy‘s biogas plant in Kitee, Finland. Photo: Nikon Kuvauspalvelu. 

 

period of 12–18 days, followed by a post-digester with a retention time of 2–3 days. The 

digester operates under mesophilic conditions. (Kayhanian et al., 2007) 

 

Through the pre-treatment by mixing and storing the substrates first aerobic biological 

conversion is provoked in the material for dry digestion.  The temperature increase in this 

aerobic phase is catalysing the start of the anaerobic mesophilic or thermophilic operation. 

The initial self-heating reduces the heat requirements during the process.  The biomass is 

digested under airtight conditions after inoculation or flooding with digested substrate. The 

further inoculation with bacterial matter is taking place through recycling of a bacteria rich 

percolation liquid, which is sprayed over the biomass. When necessary the temperature of the 

process can be regulated through a built in floor heating system in the digester and an 

installed heat exchanger in the tank for the percolation liquid. (Köttner, 2002) 
 

The wet digestion process is the most common used in agricultural biogas plants (Weiland, 

2010) and usually continuously stirred tank reactors (CSTR) are used (De Baere et al., 2010; 

Weiland, 2010). In the wet biogas production process the substrate needs to be mixed with 

water if the dry solids content is too high. One area with improvement possibilities in the wet 

biogas production process is the handling of process water. To reduce the amount of fresh 

water needed, it can be of interest to recirculate water in the process. At Mälardalen 

University studies have been done to investigate the possibility to improve the performance 

of a biogas production plant by membrane filtration of the process water (Thorin et al., 2009, 

Lindmark et. al, 2010). Membrane filtration in connection with anaerobic digestion processes 

have been described in several studies,  for example Pillay et al. (1994),  Ince et al. (2001), 

Saddoud et al. (2007),  Zhang et al. (2008), and  Stamatelatou et al. (2009). The main focus 

in those studies was, however, to use the digestion process and membrane filtration for waste 

water treatment to reduce the COD (chemical oxygen demand) of a stream to be emitted.  



16 

Complexity 

Another area of importance for the process design and performance is the circulation of the 

material in the digester. The biogas production process inside the digester is dependent on  

good and even mixing for distribution of microorganisms and nutrition, inoculation of fresh 

feed, homogenizing of the material and for the removal of end products of the metabolism 

(Deublein and Steinhauser, 2011). Good mixing also gives a uniform temperature gradient in 

the reactor, destructs floating and sinking layers and prevents the substrate from leaving the 

digester prematurely because of short circuiting of the flow (Deublein and Steinhauser, 

2008;Weiland 2010). There is a lack of knowledge about how much mixing is needed to get a 

good gas production. A general recommendation from the United States Environmental 

Protection Agency (EPA) is a power input of 5 to 8 W/m3 of digester volume (US EPA, 1979).  

Many researchers today argue the case that too much mixing could be bad for the process and 

that a reduction in mixing intensity leads to better process performance (Stroot, et al., 2001; 

Vavilin, et al., 2005). The microorganisms themselves are sensitive to too intense mixing and 

can be harmed because of it (Deublein and Steinhauser, 2008). Even though mixing is 

considered to be an important parameter for the biogas production few publications on work 

being done in this area can be found. Weiland (2010) points out the development of new 

mixing technologies as one area of importance for development of the biogas production 

process. The mixing inside the digester can be made in several ways. It can be made 

mechanically, hydraulically by using pumps and pneumatically by using the gas itself for 

mixing the liquid. Mechanical mixing with different types of agitators is the most common 

type of mixing being used in Europe today (Deublein and Steinhauser, 2008; Weiland 2010). 

Pneumatically forced circulation stands for about 12 % of the used mixing systems in Europe 

and can be used for wet processes.  An advantage of the pneumatically forced circulation is 

that there are no moving parts in the digester (Weiland, 2010). However, studies have shown 

the risk for poorly mixed zones when using this technique (Karim et al., 2004; Karim et al., 

2007; Lindmark et al., 2009).  The hydraulically mixing with pumps is only used for some 

few specific types of reactors (Weiland, 2010). 

 

Due to the possibility to optimize the conditions for the different steps in the anaerobic 

digestion process (see Chapter 2.1.1) a two phase process with two reactors in series can be 

used in the biogas production process. Concerning digestion of MSW De Baere et al. (2010) 

conclude that the share of two phase processes has declined during later years and only about 

5 % of the new installations during 2005 to 2010 was two phase systems. This is due to that 

the benefit of higher output is not considered to compensate for the higher complexity and 

higher costs for a two phase system. Weiland (2010) also point out the difficulty of 

controlling the process parameters for achieving the wanted conditions in the two different 

phases. For energy crop digestion processes it is an advantage to have a two-step process with 

two reactors but here both hydrolysis and methanation takes part in both reactors (Weiland, 

2010).  It is also possible to have two steps with different temperatures, a so called 

temperature-phased process, which has been shown to give higher methane production than 

a two phase process for some co-digestion cases (Schmit and Ellis, 2001). 
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Feedstock 

Co-digestion of different substrates can be done to improve the biogas yields due to better 

balance of nutrients in the mixed substrate or to lower costs due to more efficient use of 

equipment (Alatriste-Mondragón et al., 2006). Alatriste-Mondragón et al summarised the 

results of 22 co-digestion studies. Organic MSW, MSW and cattle manure were the most 

common substrates studied and the most common co-digestates were agriculture material, 

industrial wastes and municipal food and vegetable wastes. The conclusion is that most 

studies show good results with an increase in biogas production of up to 60% mainly due to 

increased organic loading rates.  

2.1.4  Process modelling and control 

The microorganisms in the biogas production process are sensitive to changes in their 

environment and because of this, controlling and predicting the process is challenging. 

Accroding to Weiland (2010) process monitoring and control are among the improvements 

needed for further development of the biogas production process. By process modelling the 

process can be studied in a cost and time efficient way to get a better understanding of the 

process and its optimal working conditions. Furthermore, a model also offers the possibility 

to control the process and predict its outcome. The development of mathematical models for 

describing anaerobic digestion has a long history. The first dynamic mathematical model was 

developed by Andrews in 1969 (Lübken et al., 2010). This model and many following models, 

were based on the concept of a rate-limiting step. The models assumed that the aceticlastic 

methanogenic process step was rate limiting and therefore the models only considers this 

step. However, later studies found that this is not always true.  Instead the first step, 

hydrolysis, was more likely to be limiting (Tomei et al., 2009). Tomei et al. made a review on 

the modeling of anaerobic digestion of sludge and divided the models in three main groups, 

classified according to how advanced the characterization of the substrate is: simple substrate 

characterization models, intermediate substrate characterization models and advanced 

substrate characterization models. The simple substrate characterization models do not 

distinguish between different components of the substrate.  These models are early models 

(1980s) and are also of rate-limiting step kind. The modern models are classified as advanced 

characterization models. Tomei et al. describes three such models: Angelidaki et al. model, 

Siegrist et al. model and Anaerobic Digestion Model No. 1. In Angelidaki et al‘s model 

(Angelidaki et al., 1999) the substrate is defined by its organic and inorganic composition. 

The organic components are carbohydrates, proteins, lipids and their degradation 

intermediates. The inorganic components included are: ammonia, phosphate, carbonate, 

hydrogen sulfide, anions and cations. There are six kinetic equations used in the model, one 

for each step. The steps are: (1) hydrolysis, (2) acidogenic glucose-degrading, (3) lypolytic, (4) 

LCFA-degrading acetogenic, (5) VFA- degrading acetogenic and (6) aceticlastic methanogenic 

steps.  

The ADM1 model 

In 1998 the International Water Association (IWA) formed a task group called the IWA Task 

Group for Mathematical Modelling of Anaerobic Digestion Processes to create a common 

platform for anaerobic process modeling and simulation. The model was first presented in 

2001 and is called Anaerobic Digestion Model No. 1 (ADM1). The task group had several 
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members and it can be noted that both Angelidaki and Siegrist (mentioned above as 

researchers behind two of the more modern models) were members of it. The model 

considers both biochemical processes (involving living organisms) as well as physicochemical 

processes (not involving living organisms).  The biochemical processes described are 

disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis. Concerning the 

physicochemical processes, liquid-gas processes (liquid-gas transfer) and liquid-liquid 

processes (ion association/dissociation) are described but not solid-liquid processes due to 

difficulties in describing them. (Batstone et al., 2002). However, Kleerebezem and van 

Loosdrecht have pointed out some weaknesses in ADM1. Their three main points were that 

there are inaccuracies in the stoichiometry, some problems with the solid retention time and 

that there is a lack of restrictions for the thermodynamic boundaries. (Kleerebezem and van 

Loosdrecht, 2006). 

 

The ADM1 has been used by several researchers. Blumensaat and Keller (2005) used it to 

model a two-step digester (a digester that has a thermophilic pre-treatment step and a 

mesophilic main treatment step) and needed to make several modifications in order to get 

the model to be in agreement with the data from their pilot-scale process. Derbal et al. 

(2009) used the ADM1 to model co-digestion of organic waste with activated sludge and 

found the model to show ―acceptable simulating results, regarding the number of parameters 

involved and processes considered‖. However, the authors mean that the model is limited in 

simulating complex processes. They admit that it may be due to that some of the input 

parameters were obtained from literature. Furthermore, Lübken et al. (2007) used ADM1 to 

model an anaerobic digester with cattle manure and energy crops feed stock. They also had 

some trouble in setting up the parameters for the model and also utilized literature values to 

some extent. This illustrates one of the greater difficulties with ADM1, that it requires a 

detailed characterization of the substrate (Daels et al., 2009, Kleerebezem and van 

Loosdrecht, 2006), requiring measurements that are not usually made when investigating a 

biogas plant or wastewater  treatment plant and that might not be possible to do on a regular 

basis. There have been some attempts to circumvent this problem.  

 

Kleerebezem and van Loosdrecht described one method for waste characterization that only 

needs measurements of Chemical Oxygen Demand (COD), Total Organic Carbon (TOC), 

organic nitrogen (Norg) and alkalinity (Alk) that, according to the authors, are usually 

included in periodic measurements of anaerobic digesters. Zaher et al. (2009a) also created a 

procedure to characterize waste in order to generate input variables for ADM1. They based 

their procedure on methods previously created by others, among them Kleerebezem‘s and 

van Loosdrecht‘s method and later on generalized their procedure and implemented it as a 

general transformer model that can interface ADM1 to ―any combination of co-digestion 

wastes‖ (Zaher et al., 2009b). 

Other modeling approaches  

However, ADM1 is not the only model used at present. An example of another  model is a 

model developed by Abu Qdais et al. (2010) which models biogas production with the aim of 

optimizing the process, using an artificial neural network. The input for their model was 

temperature, total solids, total volatile solids and pH and the output is the percentage of 
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methane in the gas stream. Abu Qdais et al. tested their model with input data was gathered 

from a full-scale biogas plant and there was a good match between the model data and the 

actual data. There are a few other artificial neural network models in the field but none that 

has been directly aimed at modeling the amount of biogas produced. Nopharantana et al. 

(2003) created a model describing the operation of a sequential leach bed even though the 

focus was not on biogas production. Nopharantana et al. (2007) also created a model for 

anaerobic batch digestion of MSW. The model is described as a dynamic mass balance. The 

substrate is represented by two components, an insoluble part and a soluble part.  The 

biodegradable proportions of these parts were determined by experiments. Four bacterial 

groups were identified and stoichiometry equations were set up for each group as well as rate 

expressions. The kinetic parameters were then either determined through experiments or 

from literature.   

2.1.5  Gas upgrading 

Upgrading the biogas includes removing carbon dioxide to increase the content of methane 

and to remove hydrogen sulphide and water which can cause damage in the gas utilization 

system (Weiland, 2010; Petersson and Wellinger, 2009). Other possible impurities are 

nitrogen, oxygen, ammonia, siloxanes, and particles (Petersson and Wellinger, 2009).   

 

Desulphurisation can be done biologically, either in the reactor headspace or in filters outside 

the reactor, or it can be done by binding to ferrous compounds (Weiland, 2010).  Carbon 

dioxide can be removed by scrubbing with water or organic solvents, pressure swing 

adsorption with activated carbon or molecular sieves,  chemical washing with alakanol 

amines, using membrane technology or cryogenic separation where the two first techniques 

are the most common (Weiland, 2010) and cryogenic separation is a new technology under 

development (Petersson and Wellinger, 2009).  Other methods to separate carbon dioxide 

studied on the research level are in situ methane enrichment, with desorption of carbon 

dioxide from digester sludge recirculated to the digester, and ecological lung using the 

enzyme carboanhydrase (Petersson and Wellinger, 2009). Adsorption with activated carbon 

and molecular sieve is also mentioned as possible processes to remove water (Petersson and 

Wellinger, 2009). Other alternatives for removing water are cooling, compression, 

adsorption on silica oxide or absorption in glycol solutions or hygroscopic salts (Petersson 

and Wellinger, 2009). According to Petersson and Wellinger (2009) the most used 

techniques for biogas up-grading are pressure swing adsorption, water scrubbing, organic 

physical scrubbing and chemical scrubbing.  

 

The main driving forces for development of the gas-upgrading techniques are to lower the 

costs both for investment and operation and to decrease the methane emissions (Petersson 

and Wellinger, 2009). 

2.1.6  The use of residuals 

Biogas residues can be used as fertilizer on farmland supplying the soil with both nutrients 

and organic carbon. This is for example done with the residues from the Växtkraft biogas 

plant in Västerås, Sweden and from the Biokymppi Oy plant in Kitee, Finland, both presented 

in Table 2.1.2. Their fertilizers are also approved as organic fertilizers. To make this possible 
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the Biokymppi Oy plant has two process lines, one line is for raw materials which are 

accepted for organic fertilizers such as manure and separately collected biowaste and the 

other line is for municipal sewage treatment sludge and other materials which are not 

accepted for organic fertilizers. The Växtkraft biogas plant only use feedstocks accepted for 

organic fertilizers.  The Biokymppi Oy plant can produce fertilizers for 1 000 - 1 500 hectares. 

(Svensk Växtkraft, 2007; Juvonen, 2010; Juvonen, 2011; Bioenergia, 2011). In a study by 

Odlare et al. (2010) it is shown that the biogas residue can provide the necessary plant 

nutrients and has the ability to produce nearly 88 % of the crop yield compared to mineral 

fertilizer. 

 

The main product from a dry digestion process, apart from biogas, is compost. Especially for 

sanitation purposes the quality of the compost in terms of heavy metals and pathogens has to 

be taken into consideration (Köttner 2002).  Rösch et al. investigated the use of hay together 

with corn silage as a substrate for a dry biogas process. As it was assumed that the grassland 

was not fertilised, the residues from the fermentation process could be used completely as 

fertilizer for the corn plants. (Rösch et al., 2009) 

 

2.2  Ethanol from waste 
Among the circumstances, pointing at that ethanol produced from agricultural waste can 

become a promising alternative from energy, cost and environmental perspectives are that 

agricultural crop residues, for example of cereal straw, usually have lower market prices than 

e.g. cereal grains and do not compete with food production, and the potential to minimize 

CO2 emissions, as long-distance transport can be avoided (compared with e.g. imported 

biofuels). However, the introduction of local, lignocellulose based ethanol production is 

limited by some factors, such as the higher market price compared with ethanol derived from 

sugarcane and imported from Brazil. The current cost of ethanol production in Brazil is about 

0.2 €/l, while ethanol derived from lignocellulosic feedstock in Europe costs about 0.4-0.5 

€/l (SEKAB, 2010b). 

 

Ethanol is considered as one of the important alternatives to fossil fuels.  The whole world‘s 

ethanol production is estimated to pass 91 Gl in 2012 (Market Research Analyst, 2008). In 

EU, the biofuels directive sets the target of 2 % substitution of conventional transport fuels by 

biofuels by December of 2005 and a further substitution of 5.75 % by December of 2010 

(European Parliament and Council, 2003).  The leading country for ethanol production, 

Brazil, provided almost one third of the global ethanol production, equal to 25 Gl, in 2009 

(Renewable Fuels Association, 2011) and has become the only country, which can not only 

increase significantly the ethanol production to meet the expected domestic demand but also 

has the excess of capacity to provide ethanol to the world.  

2.2.1  Waste feedstock for ethanol production 

Ethanol can be produced from the raw materials, which contain sugars or can be converted 

into sugars. The raw materials can be grouped as directly fermentable sugary materials, 

starchy materials, lignocellulosic materials/wastes and urban/industrial wastes. For the 
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substrates that are not directly fermentable, substrate pre-treatment for conversion into 

sugar monomers are necessary.  

 

Biofuels produced with conventional technology from easily convertible raw materials, such 

as direct fermentable sugary material, are often referred to as first generation biofuels, while 

biofuels produced in more advanced processes from lignocellulosic material are called second 

generation biofuels (UN-Energy, 2007). Examples of sugary waste materials that can be used 

for ethanol production are sugarcane molasses by-product of sugar industry, but also some 

wastes from food industry such as fruit juice industry.  

 

Sources of lignocellulosic materials suitable for ethanol production are agricultural wastes, 

for example straws and wood wastes. On the basis of the technology available today, about 

409 litres of ethanol can be produced from one ton of lignocellulose. Despite the strong 

interest also in other feedstock materials to produce ethanol, there are studies pointing out 

that the long-term sustainability of ethanol production will ultimately depend on the use of 

lignocellullosic wastes (Flavell, 2007; Farrell et al., 2006; Kszos et al., 2001; Kim and Dale, 

2005a; Kim and Dale, 2005b; Adler et al., 2007). Considerable efforts have been made to 

develop new technical routes for ethanol fuel production from the lignocellulosic wastes. 

Given the arable lands constrains, there is a policy of diversifying the feedstock used to 

produce ethanol in China. Some pilot plants are established to use the acid and enzymatic 

hydrolysis of sawdust, rice straw and stalk of sugar sorghum for ethanol production 

(Zhenhong, 2006). Recently, some lignocelluloses-based plants started that operate on a 

commercial scale, though there exit some technical, economical and commercial barriers 

(Japan for Sustainability, 2007).  

 

Part of the MSW could be used for ethanol production. Also wastewater generated in certain 

industrial plants like breweries, sugar mills, food-processing industries, tanneries, and paper 

and pulp industries could also be reused to produce ethanol (Prasad, 2007)  

2.2.2  Pre-treatment 

Pre-treatment is a very important step of the bioconversion process of celluloses and 

hemicelluloses into ethanol. The primary goal of any pre-treatment is to alter or remove the 

structural and compositional impediments to hydrolysis so as to improve the rate of enzyme 

hydrolysis and increase the yield of fermentable sugars, mainly in the form of hexose and 

pentose as well as reduce the size of feedstock (Mosier et al., 2005). A successful pre-

treatment should follow the rules:1, improve and increase the ability of sugars formation; 2, 

decrease and avoid the degradation or loss of carbohydrate; 3, reduce the formation of by-

products inhibitory to the sequent hydrolysis and fermentation process; 4, be cost-effective 

(Silverstein, 2004). Possible pre-treatment methods for ethanol production are: 

 Steam explosion pre-treatment 

 Ammonia fibre/freeze explosion 

 Acid pre-treatment 

 Alkaline pre-treatment 

 Biological pre-treatment 
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Steam explosion is a process where high-temperature and high-pressure steam is used for 

segregating the individual fibres with minimal loss of materials (Mosier et al., 2005). There is 

evidence that steam explosion pre-treatment is a cost-effective pre-treatment method for 

hard wood, while it is less effective for soft wood (Silversterin, 2004). 

 

In ammonia fibre/freeze explosion pre-treatment pre-wetted lignocelluloses are placed into a 

pressure vessel with a loading of NH3 at 1-5kg/kg dry biomass. Pressure over 12 bar is 

needed for the process at ambient temperature (Silversterin, 2004). It is effective for the pre-

treatment of corn stover, but less effective for those lignocellulosic wastes, which contain 

high content of lignin. The ammonia can be recovered by an evaporation operation 

(McMillan, 1997). 

 

Many types of acids, such as sulfuric acid (McMillan, 1997), hydrochloric acid (Kurakake et 

al., 2005), peracetic acid (Teixeira et al., 1999), nitric acid (Brink, 1993) and phosphoric acid 

(Hussein et al., 2001), can be used for acid pre-treatment. In general, acid pre-treatment can 

utilize dilute or concentrated acids to improve the hydrolysis of lignocellulosic material. 

However, the former one is the most studied and used (Karimi et al., 2006; Dale and 

Moelhman, 2000; Tucker, 2003; Chung et al., 2005). There are mainly two types of dilute 

acids pre-treatment processes: one is a continuous-flow process with low solids loading (5-10 

mass-%) and high temperature (higher than 160 °C); the other is a batch process with high 

solids loading (10-40 mass-%) and low temperature (lower than 160 °C) (Wyman, 1999).  In 

recent years, treatment of lignocellulosic biomass with dilute sulfuric acid is adopted widely 

for hemicelluloses hydrolysis and pre-treatment before enzymatic hydrolysis of celluloses. 

Some improvements of the dilute acid method are presented by Knauf and Moniruzzaman 

(2004), which combines the high-temperature separation and washing treatment of pre-

treated solids, preventing the re-precipitation of lignin and xylan. The re-precipitation of 

lignin will negatively influence the following enzymatic hydrolysis of pre-treated solids. 

 

Alkaline pre-treatment can be operated at ambient temperature and lower pressure 

compared to other types of pre-treatment, whose reaction time is measured in terms of hours 

or days rather than minutes and seconds at ambient conditions. Contrary to the enzyme-

catalyzed acid pre-treatment, some part of alkali is converted into irrecoverable salts or 

incorporated as salts into the biomass (Börjesson, 2006) but alkali pre-treatment can more 

easily remove the lignin content from the lignocelluloses with little effect on other 

components (McMillan,1997). Dilute NaOH solution is mostly used, due to its lower price 

and less impact on the environment than concentrated solution. 

 

Biological pre-treatment can simplify the pre-treatment process, but the reaction time is very 

long and little experience of this process exists. In addition, the special microorganisms 

needed are very expensive (Wyman, 1999). 

2.2.3  Process design and operation 

Currently, there is a large amount of studies regarding the utilization of lignocellulosic 

wastes/materials as a feedstock for ethanol production. There are several technical options to 

design the production process, but regardless of which is chosen, the following features 
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should be considered carefully and comprehensively in comparison with the sugar- or starch-

based production (Dong et al., 1997) 

 Efficient de-polymerization of cellulose and hemicellulose to soluble sugars. 

 Efficient fermentation of a mixed-sugar hydrolysate containing six-carbon (hexoses) and 

five-carbon (pentoses) sugars as well as fermentation inhibitory compounds. 

 Advanced process integration to minimize process energy demand. 

 Lower lignin content of feedstock decreases the costs. 

 

The ethanol production process from lignocellulosic wastes/materials will contain five steps  : 

1,feedstock pretreantment; 2,cellulose hydrolysis; 3,fermentation of hexoses; 4,separation 

and distillation; 5, effluent treatment , seen in Figure 2.2.1 (Carlos et al., 2007). 

 

Hydrolysis and fermentation can be designed according to several approaches: separate 

hydrolysis and fermentation (SHF), with C5 and C6 fermented in different reactors; 

simultaneous saccharification and fermentation (SSF), with cellulose hydrolysis and C6 

fermentation carried out in the same reactor (Öhgren et al., 2007) or simultaneous 

 

 
Fig.2.2.1 Generic block diagram of fuel ethanol production from lignocellulosic biomass. Possibilities for reaction 

integration are shown inside the shaded boxes: CF, co-fermentation; SSF, simultaneous saccharification and 

fermentation; SSCF, simultaneous saccharification and co-fermentation; CBP, consolidated bioprocessing. Main 

stream components: C, cellulose; H, hemicellulose; L, lignin; Cel, cellulases; G, glucose(C6); P, pentoses(C5); I, 

inhibitors; EtOH, bioethanol (Carlos et al., 2007) 
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saccharification and co-fermentation (SSCF), with cellulose hydrolysis and fermentation of 

C5 and C6 simultaneously carried out in one reactor (Hamelinck et al.,2005). However, SSF 

is shown to be superior to SHF when the whole slurry from the steam pre-treatment of 

softwood is used (Söderström et al., 2005). Consolidating the two process steps also results 

in a lower capital cost by eliminating a separate hydrolysis reactor. More importantly, this 

strategy avoids the problem of product inhibition associated with enzymes; the presence of 

glucose inhibits hydrolysis (Aly and Megeed, 2008). The fact that the ethanol concentration 

is higher during SSF than SHF reduces the risk of contamination (Wyman et al., 1992).  A 

two-step acid hydrolysis technology is developed in a pilot plant by SEKAB, see Figure 2.2.2 

a, (SEKAB, 2010a) and another similar in Oregon, USA (Aden, 2000), see Figure 2.2.3. In 

figure 2.2.2 b a SSF process integrated with a combined heat and power (CHP) plant, also 

used at SEKAB (SEKAB, 2010a) is shown.  

 

In the hydrolysis step, cellulose and hemicellulose is converted to mainly glucose and xylose.  

High pressure steam is used to get high C6 sugar yields. The process can be catalysed by 

dilute acid, concentrated acid or enzymes (cellulase) (Wyman, 1999). The latter is preferred 

due to their mild reaction conditions with temperatures in the range of 45-50°C and pH at 

4.8. The maintenance of equipments is also relatively cheap and easy compared to the former 

two, which have serious corrosion problems (Chandel et al., 2007). Hydrolysis with 

proceeding pre-treatment has a yield of more than 90 %, whereas yields are less than 20 % 

without pre-treatment (Zhang and Lynd, 2004). For a commercial-scale production, the 

enzymes are too expensive and instead sulphuric acid is widely utilized. A disadvantage of 

utilizing sulphuric acid in hydrolysis is that glucose readily degrades at high-temperature 

condition, which is usually needed for cellulose hydrolysis. It is more difficult to perform the 

hydrolysis of lignocellulosic biomass than of the pure celluloses because of the presence of 

non-glucan components like lignin and hemicelluloses (Zhang and Lynd, 2004). In the 

fermentation step C6 sugars are converted to ethanol. Glucose can be fermented with regular 

baker‘s yeast whereas xylose requires specially selected or genetically modified 

microorganisms (Reith et al., 2001). The non-fermentable material, mainly lignin, is 

separated before or after fermentation depending on the configuration of the process.  The 

feed to the fermentation step has to be cooled to 37 °C. The material from the fermentor is 

filtered, often in a membrane filtration unit, and the broth from filtration is distilled by 

super-heated steam and the ethanol product is obtained.  

 

In Table 2.2.1 data for some exiting ethanol plants using waste as feedstock is presented. 

2.2.4  The use of residuals  

After membrane filtration of the effluent from the fermentation step, mainly solids of lignin 

can be collected. The moisture content (MC) of this material is 0.5 to 0.6 kg/kg. After drying,  
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Fig. 2.2.2 a) A two-step acid hydrolysis process developed in a pilot plant by SEKAB , b) A SSF based ethanol 

production process integrated with CHP plant(SEKAB, 2010a) 

 

this material can be utilized as raw materials for pellets production or for combustion for 

heat and/or electricity production. The stillage can be used for biogas production by 

anaerobic digestion (Callander et al.,1986). According to Morgen and Henriksen (2006) the 

use of the stillage to produce animal feed might be more economically rewarding. Börjesson 

(2006; 2009) points out that it is vital that the by-products are utilized efficiently and that 

the energy required for drying the by-products for animal feed production is substantial. So 

instead, the possibility to produce biogas by anaerobic digestion is more energy-efficient.  
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Figure 2.2.3 Bio-ethanol production process in Oregon (Aden, 2000). 

 

Table 2.2.1 Examples of  some existing plants producing ethanol from waste feedstock.  (Aden, 2002; SEKAB, 

2010b; Shi and Chao, 2009), MC=Moisture content 

Plant 
(year started) 

Process 
design 

Ethanol 
yield 

Ethanol 
production  

Feedstock Comments 

Pilot plant 
National 
Renewable 
Energy 
Laboratory 
(NREL), USA 
(2010) 

SSF, dilute 
acid pre-
hydrolysis + 
enzymatic 
hydrolysis 
 
 

449.5 l/ton 
oven dry 
feedstock 

516.9 
Ml/year 

Corn stover 
2000 ton/day 
(15 % MC) 

Integration with CHP, 
1,6 kWh electricity /l 
ethanol 
Ethanol selling price 
0.166 €/l 
 

SEKAB, 
Örnsköldsvik, 
Sweden 

SSF - 300-400 
l/day 

wood chips 
(sugarecane 
bagasse, 
wheat ,corn 
stover, energy 
grass, recycled 
waste planned 
to be used) 

Previously used two-
step hydrolysis 
CHP,  calculated total 
energy efficiency 80 % 

Tianguan group, 
China 
(2006) 

SHF, 
Enzymatic 
hydrolysis 

- 5000 
ton/year 
(planned to 
increase to 
10000 
ton/year) 

straw CHP 
ethanol production cost 
0.51-0.55 €/l 
CO2, from fermentation 
used for PPC plastic 
production 
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2.2.5  Other aspects 

The technology for production of bio-ethanol is developing. However, at present, several non-

technical factors limit the further development of the bio-ethanol industry. These limiting 

factors include feedstock prices, bio-ethanol production costs, enzymes prices, oil prices, 

taxation of energy products and stimulative policies from government.  (Enguídanos et al., 

2002).  

 

It is hard to estimate the production cost of ethanol from wastes because it is greatly 

dependent on the specific process designs chosen by the investors (Wyman, 1999). 

Furthermore, different studies often show different results, and poor economics are more 

often the consequence of poor process designs than a measure of the economic viability of the 

technology.  Some process costs and by-product values are given in Table 2.2.3. 

 

One important development area for ethanol production is integration to achieve the 

economic feasibility; another is how to cut down yeast costs to an acceptable level. Now, the 

Butalco Technology GmbH (Pressebox, 2010) has announced that genetically-optimized C-5 

yeast can increase ethanol production by 30%, which really helps reduce the cellulose-based 

ethanol production cost to a competitive level, compared to traditional fossil fuel. 

2.2.6  Utilization of bio-ethanol 

Bio-ethanol is mixed with gasoline or diesel fuel in different proportions to produce fuel 

blends. 

 Low bio-ethanol / fossil fuel blends: mixture of 5-22 % bio-ethanol with gasoline (E5-

E22G) and up to 15 % bio-ethanol (with special additives) in diesel fuel (so called ―Oxy-

diesel‖, e.g. E10D, E15D).  

 High bio-ethanol / gasoline blends: e.g. 85 % bio-ethanol in gasoline (E85G), requiring 

engine modifications. 

 Bio-ETBE is produced by combining bio-ethanol and isobutylene . Bio-ETBT may be 

used in blends of 10-15 % in unmodified engines. 

 Utilized for production of hydrogen. 

 

 

 
Table 2.2.3: Production costs of ethanol (€/1000 l ethanol) (Sourie and Rozakis , 2001; Teagasc, 2010)  

Feedstock Feedstock cost Process cost By-product Total cost 

Wheat 343 high 

220 low 

284 145 482 high 

359 low 

Sugar beet 324 high 

200 low 

218 3 539 high 

415 low 

Straw 240 355 38 557 
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2.3  Butanol from waste 
Butanol is a 4-carbon alcohol originally central to a number of industrial chemical processes. 

In recent years, butanol has gained attention within the scientific and environmental 

community as a potential alternative fuel with superior characteristics compared to ethanol 

and used as a stand-alone transportation fuel or blended with petrol or diesel. The 

production of biobutanol is similar to the process for producing ethanol, but using other 

microorganisms for the fermentation. Butanol can be produced from cereal crops, sugar cane 

and sugar beet, etc., but can also be produced from lignocellulosic materials and agriculture 

waste.  

 

The properties of butanol share a closer similarity to gasoline than other biofuels. It has a 

higher energy density, lower evaporative emissions, is less corrosive and can be shipped 

through existing petroleum pipelines; and can with that be integrated directly into the 

existing petroleum infrastructure. (Shapovalov and Ashkinazi, 2008) 

  

Some recent studies investigating the production of butanol from waste are laboratory 

experiments on production of butanol from agriculture waste in the form of corn stover and 

switchgrass  (Qureshi et al., 2010) and in the form of steam exploded corn stover (Wang and 

Chen, 2011), experiments on butanol production in a continues packed bed from lactose-rich 

wastewaster in the form of cheese way (Napoli et al., 2010) and a review on butanol 

production including yields for raw materials such as straw, corn stover and whey (Kumar 

and Gayen, 2011). 

 

There are still questions to be solved to reach high yields of butanol and high production 

rates. One problem is that some compounds that are formed during the degradation of 

lignocelluloses inhibit the butanol producing microorganisms. Also the above mentioned 

studies indicate that the production of butanol from waste has still not been demonstrated in 

scaled up plants and still do not show economic feasibility.   
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3.  Thermal processes 
The energy in the waste can be converted to heat, electricity and gas by thermal processes like 

combustion, pyrolysis and gasification. This chapter begins with a description of possible 

pre-treatment of waste for thermal processes after which the different thermal processes for 

waste to energy purposes are described. 

3.1  RDF- Refuse Derived Fuel 
Solid waste usually has a calorific value of one-quarter to one-half of that of coal and an ash 

content between 20-40% (McDougall et al., 2008). Municipal solid waste can be pre-treated 

prior to thermal treatment. The high caloric fraction produced in by pre-treatment is called 

Refuse Derived Fuel (RDF). RDF is produced from the fraction of the solid waste containing 

plastics, paper, wood, textiles and rubber. The term RDF is sometimes also used in a wider 

sense, e.g. also including sorting residues from packaging wastes or processed industrial 

wastes. Also other terms are in use, such as Recovered Fuel (REF), Packaging Derived Fuel 

(PDF), Paper and Plastic Fraction (PPF) and Processed Engineered Fuel (PEF) (Gendebien et 

al., 2003). RDF is similar to Solid Recovered Fuel or Specified Recovered Fuel (SRF). SRF 

however, is produced according to the requirements of a quality label. Other advantages of 

using RDF in thermal conversion processes for utilizing the energy in waste, compared to 

using unsorted waste, besides the higher heating value, are: 

 RDF is more homogeneous and treatment technologies that have difficulties treating 

mixed waste directly (e.g. fluidised bed reactors) can be used 

 RDF is less contaminated than mixed waste, thus its thermal treatment needs less 

complex flue gas cleaning technologies 

 regular fuels can be directly substituted  

(Cherubini et al., 2009; McDougall et al., 2008; European Commission, 2006). 

 

In Figure 3.1.1 a simplified overview is given of the effects of the production of RDF (e.g. in a 

mechanical-biological pre-treatment plant. In this exemplary schedule it can be observed, 

that by splitting the input waste flow a high caloric flow of RDF originates. 

 

 
Figure 3.1.1 Exemplary effects of RDF production (based on Fehrenbach et al., 2007) 
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3.1.1  Preparation of RDF 

In a report from the European Commission (2006) techniques for preparing solid fuels from 

waste are described. They define two types of fuels- shredded or fluff like material and 

densified fuels (pellets, cubes and briquettes) but also mention that it is also possible to just 

separate out the non-combustible fractions and by that double the lower heating value of the 

material. Further they report on a big variation in the data on lower heating value for the 

densified fuels recovered from waste ranging from 3 and up to 40 MJ/kg. The different steps 

of preparing solid waste to fuels are illustrated in Figure 3.1.2. Cranes and wheel loaders are 

usually used for feeding the process. For some co-combustion applications shredding the fuel 

product to fluff, crushing it or pulverizing it before use can be necessary. (European 

Commission, 2006) 

 

Biological drying is a variation of aerobic decomposition, used to dry and partially stabilise 

residual municipal waste. Biological drying can produce a high quality RDF, high in biomass 

content. In the reactors waste is dried by air convection, while heat is provided by exothermic 

decomposition of the readily decomposable waste fraction. The main difference to biological 

stabilisation is that here the main goal is to dry and preserve most of the biomass content of 

the waste matrix, rather than fully stabilise it. Commercial process cycles are completed 

within 7–15 days, with mostly H2O and organics loses of ca. 25–30 mass-%, leading to 

moisture contents of lower than 20 mass- %. The air leaving a drying box is normally close to 

100% saturated with air (100% relative humidity). Typical water losses of 25% waste weight 

were reported by Rada et al. (2009), which constitute the sum of both water and organic 

matter loss. The ratio of weight losses between organic matter and condensed moisture is 

approximately 1:7 (Velis et al. 2009). The main goal of biological drying is to minimize the 

water content of the final product. On the other hand moisture is one of the main parameters 

of microbial activity. For the composting process water content of 20% was reported to 

prevent the microbial decomposition (Haug, 1993). In this case the temperature in the 

reactor will drop to the ambient temperature at which the efficiency of the drying process can 

be very low. High airflow rate and moisture removal in the re- circulated process air provide 

 

 

 

                           
 
 
 
 
 
 
 
Figure 3.1.2 Preparation steps for production of fuels from solid waste and techniques used for the different steps. 

(European Commission, 2006) 
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for effective drying.  Thus, the main objectives considered for the technology design are:  

 to achieve a good quality RDF, with  

- increased energy content through moisture reduction (from above 40% to less than 

20%) and separation of non-combustible materials,  

- reduced contaminants content through mechanical sorting and removal of metals, 

fines, PVC etc 

 to pre-treat waste  at the lowest possible residence time (5- 15 days, preferably less than 10 

days) 

 to use heat from the exothermic biological decomposition process to dry the waste, but at 

a minimum organic matter loss in order to preserve the caloric value, 

 to deliver stable RDF, suitable for storage and transport  

The biological drying reactors design includes a container coupled with an aeration system; 

containers can be either enclosed, or open tunnel-halls, or rotating drums.   

 

Biological drying requires forced aeration in order to provide necessary air for the 

decomposition process, heat transfer involving removal of excessive heat and adjusting the 

matrix temperature, and to transport out the water vapour. The main process parameters are 

described below.  

Mechanical pre-processing  

Mechanical pre-treatment operations include shredding and/or mixing, affecting the physical 

properties of the matrix, such as the resistance to airflow. Properties such as moisture 

content, air-filled porosity, permeability, mechanical strength, and compaction of matrix, 

have the potential to affect the resistance to flow of air and, in turn, the level of airflow rate 

necessary for effective biological drying. Currently, the pre- processing strategy in most 

biological drying plants is limited to coarse shredding, e.g., at 300–150 mm maximum 

particle size (Velis et al., 2009). 

Aeration system type 

Air management in biological drying varies according to reactor design and process 

complexity. In enclosed reactors, the usual configuration is with overpressure, forcing air 

through the matrix flooring, and collecting off-gasses through openings located at the top. In 

static biodrying reactors problems with uneven air distribution occur, leading to uneven 

waste drying efficiency. To overcome this problem the bottom of a commercial biodrying 

reactor (Herhof Rottebox) is divided into 12 parts enabling airflow to vary in each segment, 

facilitating control of temperature and moisture in the whole reactor (Nicosia et al., 2007). 

Moreover, some problems may occur in the lower parts of the reactors due to the downwards 

leachate flow. Two solutions to mitigate this problem have been proposed: a) static reactors 

with alternating aeration systems: blowing and pulling air through the matrix: and b) 

rotating reactors, enabling constant mixing of waste, and even distribution of temperature 

and moisture (Bartha ,2008). These solutions have been tested in pilot applications and 

especially the latter one proved to improve the temperature distribution and homogeneity of 

dried waste (Velis et al., 2009). Air partial recirculation systems are often used in biological 

drying to reduce the volume of exhaust air requiring treatment. Additionally air recirculation 
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can be used to pre-heat the cold ambient air in-flow to the reactor in the winter season. This 

is done after vapor removal by cooling in a heat exchanger and cooling tower. 

Aeration rate and temperature 

Aeration rate is a crucial parameter for biological drying process control. Aeration rates in 

biological drying are much higher than in biological stabilization. Generally higher out-flow 

temperatures should improve the process performance, due to a higher water/air carrying 

capacity. On the other hand too high temperatures (of over 60°C) may become a limiting 

factor for microbial growth and thus slow down the decomposition rate and energy release.  

Results of experiments indicate more effective heat removal at higher aeration rates resulting 

in lower waste temperatures), with an optimal waste temperature of approximately 45 °C and 

corresponding airflow rates of approximately 0.023 m3 /kg dry matter per hour. (Skourides 

et al., 2006; VanderGheynst et al., 1997). Contradicting results were reported in another trial 

where a temperature of 60°C, which was maintained at the airflow rate of 0.0143 m3/kg 

waste per hour (for 150 hours) yielded a 4% higher moisture reduction than the same 

experiment at 50°C with at specific airflow rate of 0.0164 m3/kg waste per hour. Most 

commercial biodrying processes operates in the temperature range of 40–70°C for the outlet 

air during the major part of the residence time (Velis et al. 2009). Herhof Rottebox applies a 

staged outlet air control, consisting of four phases over one week: (1) start up and biomass 

acclimatization: 40 °C; (2) degradation: 40–50 °C; (3) sanitation and drying: 50–60 °C; (4) 

cooling to room temperature (60 °C to ambient temperature) (Nicosia et al., 2007). 

Degree of organic matter decomposition 

During the decomposition of organic matter energy is released which is used for heating up 

the waste matrix and for transferring water from liquid state to water vapour. Thus the 

amount of heat needed can be estimated based on the quantity of water to be removed from 

the system. On the other hand the objective is to preserve the maximum amount of biomass 

in the RDF. This enhances the energy balance of the process and yields a fuel with higher 

biomass content, which is beneficial in a context of biomass recovery. A biological drying 

process completed in a short time (150 yours) at a high airflow rate was reported to yield 

product waste with a higher remaining energy content, than the product from longer lasting 

trials (Adani, 2002). Biological drying which took 250 hours to complete resulted in 

significantly higher biomass decomposition. Thus the general objective is to shorten the 

decomposition time in order to limit the overall decomposition, but at the same time obtain a 

sufficient drying effect.  

3.1.2  Quality criteria for RDF  

Currently, there are no EU-wide quality requirements for RDF. The reason for this is the fact 

that various installations using RDF as a fuel have different requirements. Receiving 

installations have to comply with the emission limits for co-incineration and based on the 

technology and regular fuel they use this may lead to different demands for contaminant level 

and heating value. As a result, individual installations do have requirements for their 

suppliers, but no EU-wide legal criteria were set. For SRF however, in some countries 

national quality criteria exist, e.g. in Finland, Germany and Italy (van Tubergen et al. 2005).  
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The CEN/TC 343 Working Group 2 ―Fuel Specifications and Classes‖ had planned to come up 

with EU quality criteria for SRF in 2010. So far, a proposal was made, which is based on three 

factors: 

 economic aspect: Net Caloric Value (the higher, the more regular fuel can be 

substituted) 

 technology aspect: Cl content (Chloride leads to corrosion in the installations) 

 environmental aspect: Hg (+Cd) content 

Based on these factors five different classes of SRF can be distinguished, which are shown in 

Table 3.1.1  This classification is based on the specific needs of cement kilns, power plants 

and RDF plants. 

3.1.3  RDF use 

RDF can be used as an additional fuel in industrial processes or be treated in dedicated RDF 

plants producing energy or syngas. Examples of installations using RDF as a main or 

additional energy input are cement kilns, lime shafts, power plants, coke ovens, brick 

furnaces, district heating plants and syngas production plants. 

 

In plants using RDF as an additional fuel, a wide variety of technologies is in use. In 

dedicated RDF plants the material is mostly gasified.  The thermal processes combustion, 

pyrolysis and gasification will be further presented in Chapter 3.2 to 3.4. 

 

The production and use of RDF has been on the rise in the last decade. Reasons for this 

strong growth are the implementation of landfill bans for untreated municipal waste and the 

high costs of landfilling. The production of SRF amounted: 

 3 million tons in 2001 

 12 million tons in 2008 (of which 47% in Germany, followed by Sweden (8%), Italy 

(6%), Austria (5%) and the United Kingdom (4%). 

 expected for 2015: 16.5 million tons 

(Gascoyne, 2010) 

 
Table 3.1.1 Proposed quality criteria for five different classes of Solid Recovered Fuel (van Tubergen et al. 2005) 

Criterion Unit 1 2 3 4 5 

Net 
Calorific 

Value 
MJ/kg ar* ≥25 ≥20 ≥15 ≥10 ≥3 

Cl 
content 

% d.m.** ≤0.2 ≤0.6 ≤1.0 ≤1.5 ≤3.0 

Hg 
content 

mg/MJ ar*** ≤0.02 ≤0.03 ≤0.08 ≤0.15 ≤0.50 

* ar = as received (related to wet material) 
** d.m. = dry matter 
*** mg/MJ : related to energy content, not to mass. For Hg is related to median values of at least 10 measurements, 

Cl and NCV are mean values. For Hg alternatively an 80 percentile value exists, which is 2 times higher as the 

portrayed median values. 
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3.2  Combustion 
Burning of a fuel to obtain thermal energy is usually called combustion within the energy 

sector while the word incineration is often seen in connection with burning of waste. Since 

this report is focused on using waste as an energy source we have chosen to use the word 

combustion for the process including burning of waste. The energy content that can be 

converted to thermal energy is different for different types of waste fuels. In Table 3.2.1 

heating values for some waste fuels from households and industry are given.  

 

Singhabhandhu and Tezuka (2010) report on that in Japan waste cooking oil and waste 

lubricating oil is used in combustion. The waste cooking oil is collected and burned together 

with household wastes.  

 

A waste from the agriculture sector of interest for combustion is straw which has a lower 

heating value of about 14 MJ/kg (EUBIA, 2011). In Denmark a lot of experience of using 

straw as fuel also in larger CHP plants can be found. The straw can be used in big bales, 

chaffed or as straw pellets but the big bales are considered to be the most feasible way. 

Moisture contents of up to 20 % are usually acceptable. (Hinge, 2009) 

 

With increasing requirements on recovery of material or energy from waste new types of 

wastes of interest for combustion appear. One example of that is the combustible fraction 

from fragmentation of metal scrap, called SLF (shredder light fraction). (Gyllenhammar et 

al., 2009). 

3.2.1  Process design and operation 

Two important parts of the waste combustion plant are the boiler and the flue gas cleaning 

system. In the boiler the waste is combusted and heat recovered by boiling water. The steam 

can then be used for power production in a steam turbine or for heat production. Heat can 

also be recovered from the steam leaving the steam turbine. In Figure 3.2.1 a schematic of a 

waste combustion plant is shown.  

 

In 2006 the European Commission presented the Best Available Technology for waste 

combustion (European Commission, 2006). They subdivide the sector in five areas based on 

the fuel used; mixed municipal waste,  pre-treated waste, hazardous waste, sewage sludge 

and clinical waste. The techniques they mention for combustion is grate furnace, fluidised 

bed and rotary kiln. In Table 3.2.2 the most common techniques for the different wastes 

given in the report by the European Commission are summarised.  

 
Table 3.2.1 The table gives the range of lower heating values for some waste fuels. (European Commission, 2006) 

 Household and 
commercial 

waste 

Bulky waste 
(furniture etc) 

RDF Packaging 
waste 

Product specific 
industrial waste 
(plastic and paper 

industry) 

Sewage 
sludge 

Lower 
heating 

value 
[MJ/kg] 

6-15 10-17 11-26 17-25 18-23 0.5-2.5 
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Figure 3.2.1 Schematic of a waste combustion plant with a grate furnace. (European Commission, 2006) 

 
In 2006, 90% of the installations in Europe for combustion of mixed municipal waste used 

grates and specially reciprocating grates in many later installations (European Commission, 

2006). According to Fendel and Friege (2010) still in 2010 grate furnaces is the most 

common technique used for municipal waste and RFD  plants in Germany, where 70 % of the 

about 100 existing plants use this technique. When the fuel has a heating value above about 

10 MJ/kg the grate is usually water cooled and with the increasing heating value of the waste 

fuels used in Europe an increase in water cooled grate furnaces have been seen (European 

Commission, 2006). Grate furnaces are also recommended for straw combustion (Hinge, 

2009). 

 

Fluidised beds can be used for fuels with not too large particle sizes. Here the fuel is fed to a 

bed of inert material, for example sand, which is fluidised with air. The temperature in the 

space above the bed is usually about 850 to 950 °C. In a circulating fluidised bed the gas 

speed is high and part of the bed material is removed and then circulated back to the 

combustion chamber while in a stationary or bubbling bed the gas speed is lower and the bed 

material is not removed during the combustion process. (European Commission, 2006). 

Straw is not suitable for fluidised bed boilers since it has a low ash melting point and it can 

cause the bed particles to stick together (Hinge, 2009). 

 

 
Table 3.2.2 Techniques used for combustion of different types of wastes. (European Commission, 2006) 

 Mixed 

municipal 

waste 

Pre-treated 

waste 

Hazardous 

waste 

Sewage sludge  Clinical waste 

Most 

commonly 

used 

Reciprocating 

grate 

Reciprocating 

grate 

Roller grate 

Rotary kiln 

Static furnace 

Circulating 

fluidised bed 

Rotary kiln 

Static hearth 

Also applied Other types of 

grate furnaces 

Fluidised beds 

Other types of 

grate furnaces 

Rotary kiln 

Fluidised beds 

Static hearth 

Grate furnace 

Other types of 

fluidised beds 

Rotary kiln 

Grate furnace 

Rotating 

fluidised bed 

 

 
Air 

Air 

Ash 

 

   
Boiler 

Ash 

 

Waste 

 

Flue gas 

Flue gas cleaning 

Steam to  

steam turbine 
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In Table 3.2.3 some examples on existing waste combustion plants in Europe and their 

characteristics are given.  In Table 3.2.3 an example of a CHP plant in Denmark using only 

straw as fuel is given. There is also several power plants in Denmark where straw is co-

combusted with coal and/or wood chips (Hinge, 2009). 

 

The design of the boiler in a waste combustion plant is dependent on the flue-gas 

characteristics which are dependent on the waste content. Especially, high concentrations of 

corrosive substances, as for example chlorides, makes it necessary to use modest steam 

pressures and the risk for corrosion problems also influences the physical design of the 

boiler. The most common steam data used for plants using waste as fuel and producing 

electricity are 400 °C and 40 bar and usually natural circulation steam boilers are used.  
 

Table 3.2.3 The combustion and flue gas cleaning techniques in some existing waste combustion plants. 

(Johansson et al., 2009; Buchhorn, 2010; Weiler and Grotefeld, 2010; Hinge, 2009) BFB= Bubbling Fluidised Bed 

Plant 
(year 
built) 

Com-
bustor 

Steam 
data 

[°C/bar] 

Capacity 
thermal 

[MW] 

Flue gas cleaning 
steps 

 

Effi-
ciency 

[%] 

Capacity waste 
[ton/year] 

Borås 
Energi och 

miljö, 
Sweden 
(2004) 

2 BFB- 
Boilers 

 

405/49 20 NOx – SNCR* (NH3) 
particles- textile filter 

HCl, SO2, metals, 
dioxin-  active carbon + 

lime in filter  

89 100 000 
(20-30 % 

household waste, 
70-80 % 

industrial waste) 

Renova, 
Gothenburg, 

Sweden 
(1994 and 

2001) 

4 grate 
furnaces  
flue gas 

recircula-
tion  

400/40 45 NOx - SNCR (NH3) 
particles- electrostatic 

precipitator 
HCl, HF, metals, 
dioxin, particles- 

 wash and condensing 
reactor  

89 500 000 
(50/50 household 

and industrial 
waste) 

Gevudo, 
Nordrecht, 

Netherlands 
(1972, 1997 
and 2010) 

3 grate 
furnaces  
flue gas 

recircula-
tion 

400/40 75 NOx- SCR** 

particles- electrostatic 
precipitator 

HCl, HF -quench  
SOx , HCl, HF - two-

stage scrubber (caustic 
soda in step 2) 
particles- wet 

electrostatic filter 

? 396 000 
(municipal solid 

waste) 

Bernburg, 
Germany 
(2009) 

3 furnaces 410/42 ? NOx – SNCR** 
dioxin,  Hg- activated 

carbon  
acid- sodium 

bicarbonate particles, 
heavy metals, loaded 
sodium-textile filter  

? 552 000 
(RDF) 

Vattenfall, 
Fynsverket, 
Denmark 

(2009) 

Vibrating 
grate 

540/110 (35 MWel 

86MWheat 
(including 11 
MW flue gas 
condensing) 

particles – textile filter 
HCl, SO2- flue gas 

condensation 

El. 33 150 000 
(straw) 

*selective non-catalytic reduction, **selective catalytic reduction 
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Another important aspect in boiler design is the heat transfer surface cleaning since the flue 

gases from waste combustion usually have a high content of ash. (European Commission, 

2006). One suggested solution to reduce the corrosion problems is to reduce the bed 

temperature in fluidised bed boilers and with that decrease the amount of alkali chlorides in 

the flue gas (Niklasson, 2009).  Straw is a more homogenous fuel than waste but also for 

straw combustion the steam temperature has previously been kept below 500 °C due to 

corrosion problems but according to Hinge (2009) good experiences with using new 

materials has led to that it is no longer considered a problem to use steam temperatures up to 

540 °C. SLF usually have a high content of metals and chlorine and metals like lead and zink 

form chlorides which can give corrosion problems at lower temperatures than alkali metals 

(Gyllenhammar et al., 2009). Gyllenhammar et al. therefore recommend co-combustion of 

SLF with other wastes. 

 

The thermal efficiency of a power and heat plant using a fuel with high moisture content can 

be increased with flue gas condensation, utilizing the latent heat of the water vapour in the 

flue gas. This has been applied at the Högdalen waste combustion plant in Stockholm, 

Sweden. However, the possibility to use low temperature heat is crucial and a return water 

temperature not higher than 50 °C is necessary, which can be the case for district heating 

water in the northern part of Europe. (European Commission, 2006). Another possibility to 

increase the efficiency is to integrate a gas turbine in a hybrid dual-fuel cycle. The steam 

produced in the boiler can then be superheated with the flue gases from the gas turbine. 

Several different integration possibilities has been studied by Udomsri (2011). 

 

The flue gas cleaning system consists of different components with different possible designs 

and a lot of different combinations are possible. In the report by the European Commission 

(European Commission, 2006) an overview of possible flue gas cleaning systems for waste 

combustion plants shows over 400 possible combinations. Some examples of flue gas 

cleaning systems can be found in Table 3.2.3. The following list gives the content of the gas 

that should be removed and also the main techniques that can be used for cleaning 

(European Commission, 2006):  

 particles (electrostatic precipitator, wet scrubbers, fabric filters, cyclones) 

 acid gases, HCl, HF, SOx (dry sorption, washing ( agents: lime, sodium bicarbonate, 

sodium hydroxid)) 

 NOx (furnace control, flue gas recirculation, SNCR (selective non-catalytic reduction), 

SCR (selective non-catalytic reduction) (agent ammonia or urea for SNCR and SCR)) 

 Hg and other heavy metals (scrubber, activated carbon) 

 dioxin and other organic carbon compounds (activated carbon, quench, SCR, 

scrubber with carbon impregnated plastics) 

 

In Table 3.2.4 the emission levels that can be achieved by applying the in the report by the 

European Commission (2006) identified best available techniques for combustion of waste 

are presented. Hinge (Hinge, 20009) report on emission values for combustion of crops and 

straw in Denmark. Examples are given for plants from 5 to 33 MW and the emission ranges 

are for particles from below 0.1 to 37 mg/Nm3,   HCl below 1 mg/Nm3 (one value), SO2 below 

1 to 215 mg/Nm3, NO2 from 220 to 912 mg/Nm3.  Data is also given on dioxin emissions from  
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Table 3.2.4 Emission levels to air during operation of waste combustion plants using best available techniques 

(European Commission, 2006) 

Substance Emission 
(24 hours average) 

[mg/Nm3] 

Technique 

Particles 1-5 Fabric filters 

HCl 1-8 Wet based system 

HF <1 Wet based system 

SO2 1-40 Wet based system 

NOx (expressed as NO2) 40-100 SCR 

NOx (expressed as NO2) 120-180 SNCR 

Hg 0.001-0.02 Carbon based reagents 

Dioxin and furans* 0.01-0.1 Combustion conditions +Carbon absorbent 

CO 5-30 Combustion conditions 

TOC 1-10 Combustion conditions 

*  not 24 hours average but from non-continues samples, unit ng-TEQ/Nm3 (TEQ= Toxic Equvivalent) 

 

some other straw fired plants including both small- scale farm combustion and larger heating 

plants (up to 95 MW)  ranging from 0.01 to about 2 ng-TEQ/Nm3 with high values for the 

small-scale plants. A problem mentioned for straw combustion is catalytic reduction of NOx 

due to large uncombusted particles in the flue gas that block the catalyst. There are examples 

on plants where this has been solved by using nets for collecting the particles before the 

catalyst.  

 

The incineration directive sets emission limits for both combustion and co-combustion of 

waste. For the co-combustion of pre-treated waste the so-called mixing rule is applied. This 

means, that the joint emission limit for the situation of co-combustion is based on the 

weighted average of the emission limits for the co-combusted fuels. The weighing is based on 

the flue gas volume resulting from the combustion from the secondary and regular fuel. 

(European Parliament and Council, 2000) 

 

The emission limits for the regular fuel principally follow from the emission limits for the 

considered installation (national or other legislation). At all times the total emission limits for  

the most relevant heavy metals (Hg, Tl and Cd) and for dioxins for the joint co-combustion 

operation should be the same as for mono-combustion. For combustion plants and cement 

kilns additional regulations are valid. Values for the emission limit share of the regular fuel in 

combustion plants (here only large plants mentioned, >300MWth) are: 

 SO2: 200 mg/Nm3 

 NOx: 200 mg/Nm3 for solid and liquid fuels, 300 mg/Nm3 for biomass 

 dust: 30 mg/Nm3 
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For some emissions total limits for the joint co-combustion operation are set: 

 other heavy metals: as for mono-combustion 

 dioxins: as for mono-combustion 

For cement kilns total emission limits for the joint co-combustion operation are set: 

 SO2: 50 mg/Nm3, if the emission does not stem from the waste input, exemptions are 

possible. 

 TOC: 10 mg/Nm3, if the emission does not stem from the waste input, exemptions are 

possible. 

 NOx: 500 mg/Nm3 for new plants 

 dust: 30 mg/Nm3 

 other emissions, apart from CO: as for mono-combustion 

Waste combustion operators do not like the situation in which co-combustion of waste has 

emission limits deviating from those for mono-combustion of waste. The Confederation of 

European Waste-to-Energy Plants (CEWEP) pleads for a ‗level playing field‘ for all thermal 

waste treatment operations. On a national level, the differences in emission limits may be 

more outspoken (BMLFUW, 2010). 

 

Waste water that needs to be cleaned can be formed in the flue gas cleaning system . Other 

residues from the waste combustion plant are ashes and solid residues from the flue gas 

cleaning system. 

 

Among the identified development areas of the process for combustion of waste reducing 

dioxin emissions, reducing ash volumes, improving ash quality and stabilising solid residues 

from flue gas cleaning can be mentioned. Suggested solutions include combustion control, 

bed temperature changes, addition of oil scrubber, recirculation of ash and ash treatment. 

(European Commission, 2006).  

 

Concerning combustion of straw Hinge (2009) also mentions the use of the ash together with 

emission control, plant efficiency and pre-treatment of the straw as areas of interest for 

further development and research. 

3.2.2  Other aspects 

The development of the technique for combustion of waste is towards limiting the costs and 

improving environmental performance. (European Commission, 2006) 

Fendel and Friege (2010) have compared RDF power plants with mixed municipal solid 

waste power plants and conclude that RDF plants might be more profitable if the energy 

prices increase even though it might not be more competitive if the pre-treatment costs are 

included. However, RDF plants have the disadvantage of not being as flexible concerning 

what waste fractions can be used as fuel compared to municipal solid waste power plants. 

 

In a comparison of two waste combustion plants in Sweden the plant with less pre-treatment 

of the waste showed higher maintenance costs (Johansson et al., 2009). According to 

Johansson et al (2009) waste combustion plants often have unique technical solutions and 

strategies for operation and maintenance and very few comparisons between different plants 
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therefore exist. This also results in little knowledge about improvement possibilities. 

Compared to combustion of other types of fuels, waste combustion plants have higher 

operation and maintenance costs due to more advanced handling but the existing studies on 

waste combustion plants only give general estimated costs for operation and maintenance 

(Johansson et al., 2009). 

 

Fendel and Friege (2010)  discuss the problem with overcapacity due to competition between 

several possible waste- to- energy concepts, e. g. the combustion of mixed municipal waste, 

co-combustion of waste with other fuels, production of RDF followed by combustion and  the 

use of waste fractions in cement kilns. They estimate an overcapacity of about 18 % in 

Germany and they suggest that an explanation to this can be different actors on the market 

driven by different aims with the public sector increasing the municipal waste combustion 

capacity to decrease the lack of waste treatment capacities and the private sector increasing 

the RDF combustion capacity and waste use in cement kilns with the aim to reduce energy 

costs and using the possibility to sell electricity to the grid. 

 

3.3  Pyrolysis of waste 
Pyrolysis of biomass (including waste) can be described as the direct thermal decomposition, 

or degassing, of the organic matrix in the absence of oxygen to obtain an array of solid, liquid 

and gas products. Pyrolysis consists of a very complex set of reactions involving the 

formation of radicals. The pyrolysis method has been used for commercial production of a 

wide range of fuels, solvents, chemicals and other products from biomass feedstock. There 

are two major distinctions between combustion processes and pyrolysis. Firstly, combustion 

processes are exothermic, whereas pyrolysis is an endothermic process. Secondly, products of 

combustion processes are CO2, water, and ash, whereas with pyrolysis the products are char 

(carbon rich solid residue), oil or tar, and fuel gases. These products can be used as fuel in a 

combustion process or as intermediate products for synthesis and the production of 

chemicals. Generally, for a high yield of gas products high temperature, low heating rate and 

long gas residence time should be applied (Cheremisinoff and Rezaiyan, 2005; Yaman, 2003; 

European Commission, 2006)  

 

Types of wastes that are used in pyrolysis processes are municipal wastes, RDF, sewage 

sludge, synthetic waste and used tires. The process can also be used for decontamination of 

soil and for material recovery from cable tails and metal and plastic compound materials. 

(European Commission, 2006) 

 

The heating value of the pyrolysis gas is related to the composition of the gas which depends 

on various parameters, such as the constituents of the pyrolised material, temperature, 

heating rate and residence time. Karayildirim et al. report on a calorific value of 2.55 

MJ/Nm3 for pyrolysis gases, containing combustible gases of 19 vol%, from sewage sludge 

while according to the European Commission the heating value of gas from pyrolysis of 

municipal waste is in the range of 5-15 MJ/ Nm3 and from RDF 15-30 MJ/ Nm3. A study by 

Bridgwater and Peacocke showed that gas produced in a fast pyrolysis process had the higher 
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heating value of 4 MJ/kg and bio-oil produced had a higher heating value of 19 MJ/kg.  

(Karayildirim et al., 2005; European Commission, 2006; Bridgwater and Peacocke 2000) 

3.3.1  Process design and operation 

Slow pyrolysis has traditionally been used for the production of charcoal. Short residence 

time pyrolysis (fast, flash, rapid, ultrapyrolysis) of biomass at moderate temperatures has 

been used to obtain high yield of liquid products. Fast pyrolysis is characterized by high 

heating rates and rapid quenching of the liquid products to terminate the secondary 

conversion of the products. Among the fast pyrolysis technologies applied for wood and 

biomass conversion into liquid fuels, the bubbling fluidised-bed reactor is used to a large 

extent at both laboratory and industrial scale (Yaman, 2003; Di Blasi, 2007) 

 

Pyrolysis of waste is often combined with combustion of the produced gas and sometimes 

also of the solid carbon rich fraction and oil. By including a pyrolysis step the flue-gas 

amounts are reduced and with that the requirements of flue-gas cleaning.  The same 

techniques as used for combustion can also be adapted to be used for pyrolysis, e.g. the use of 

different oxygen levels and temperatures. The European Commission mention in their report 

systems using rotary kiln and grate furnaces for pyrolysis of waste. Usually the pyrolysis is 

carried out in the temperature range 400 to 700 °C but lower temperatures (250 °C) can also 

be used for sewage sludge. The pyrolysis plant for waste usually has the following basic steps: 

 preparation and grinding 

 drying 

 pyrolysis 

 secondary treatment 

-condensation of gas for extraction of oil mixtures or combustion of gases 

-combustion of coke 

(European Commission, 2006; Malkow, 2004) 

 

Japan is mentioned as a country with interest in pyrolysis of waste. One of the first facilities 

built for the disposal of municipal solid waste, located in Yoshii, Japan, was commissioned in 

1999 and processes up to 24 ton/day of MSW in a single reactor. It produces a syngas that is 

utilized in a waste-heat boiler to generate steam. Another facility in Utashini, Japan is similar 

to the Yoshii plant but uses two 83 ton/day trains. It is designed to process automobile 

shredder residue and MSW. This plant was commissioned in late 2002. Other wastes of 

interest for pyrolysis in Japan are waste cooking oil and waste lubricating oil.  There are also 

reports on several plants in operation in Austria, Germany, Italy, Korea and Switzerland 

during the end of the 1980´s and 1990´s where municipal solid waste are pyrolised followed 

by combustion. (Malkow, 2004; Cheremisinoff and Rezaiyan, 2005; European Commission, 

2006; Singhabhandhu and Tezuka, 2010) 

 

Panda et al. (2010) report on producing hydrocarbon fuels from plastic waste by catalytic 

pyrolysis and that several research activities have been initiated to test different catalysts and 

process conditions. They also give examples of use of the process in UK, Germany, China and 

India in plants with capacities ranging from 1000 to 40 000 tons per year.  The company 

Ener-G (2011) is developing a process for pyrolysis of waste where the gas is then used in a 
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gas engine and the solid residues (char and tar) can be sold as fuel. They state that 

development of capacity, gas and by-product quality is needed to make the technique 

commercial. They aim at a capacity of 1 ton of waste per hour. The waste can be municipal 

solid waste, shredded rubber, clinical waste, sewage sludge, wood wastes or chicken litter. 

 

During recent years several studies investigating the influence of different process conditions 

on the quality of the products from pyrolysis of waste can be found. Parameters that are 

investigated are temperature, residence time and different atmospheres.  For example in a 

study by Karayildirim et al. (2006) pyrolysis of mixed sludge and oil sludge was investigated 

at temperatures between 450 and 800 °C. Smets et al. (2011) investigated pyrolysis of 

rapeseed cake at 350-550°C, Puy et al. (2011) have studied the pyrolysis of forestry waste at 

temperatures from 500 to 800 °C and residence times from 1.5 minutes to 5 minutes, Önal et 

al. (2011) studied pyrolysis of potato skin in different atmospheres, Brown et al. (2010) 

compared profitability of pyrolysis of crop residues in processes with different residence 

times and Hossain et al. (2011) investigated the influence of temperature (300-700 °C ) on 

the pyrolysis of waste water sludge . The different parameters influence both the yields and 

the quality of the different products and increasing the yield and quality of one product might 

decrease it for another.  Among the mentioned use of the products are using the char as soil 

amendment (providing both carbon and nutrients), as a solid fuel, as activated coal or as 

adsorbent, using the pyrolysis oil as transportation fuel, or for heat and/or power production 

and the use of the gas for heat and/or power production. 

 

3.4  Gasification of waste 
Gasification is a thermo-chemical process where a solid material is converted to a gas. The 

process is usually done by air, oxygen or steam and at temperatures between 600 -1000°C 

and at oxygen- carbon ratios lower than 1. The medium and temperature used influence the 

composition of the produced gas which is also dependent on the feedstock and the reactor 

used. According to Ptasinski (2008) the choice of medium depends on which gas composition 

is required. However, the main components of the gas are CO2, CO, CH4, H2, H2O and small 

amounts of C2-hydrocarbons and char. For the possibility to use the produced gas in natural 

gas networks, that is to produce synthetic natural gas (SNG), the content of methane is 

increased in a methanisation step where steam is added. To be able to operate this step 

efficiently the gas should not contain nitrogen. (Valleskog et al., 2008; Ptasinski, 2008) 

In a report the European Commission (2006) mentions municipal waste, certain hazardous 

wastes and sewage sludge as possible waste feedstock for gasification where the municipal 

waste often needs to be pre-treated. 

3.4.1  Process design and operation 

In the same way as for pyrolysis of waste, gasification of waste can be combined with 

combustion of the produced gas and the same techniques as used for combustion can be 

adapted to other oxygen levels and temperatures for gasification. (European Commission, 

2006) 
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Kopyscinski et al. (2010) present a review of the development of processes for gasification of 

coal and biomass from 1950 to 2009. They divide the process from the raw material to 

synthetic natural gas (SNG) into the steps gasification, gas cleaning, gas conditioning, fuel 

synthesis and fuel upgrading.  The focus in the review is on the fuel synthesis step, which is 

the methanisation step. 

 
There are three main types of gasifiers: fixed bed, fluidised bed, and entrained suspension 

bed gasifiers (also called entrained flow gasifiers). According to McKendry (2002) the 

entrained type is not suitable for biomass gasification since the feedstock needs to be very 

finely divided which is difficult to do with fibrous materials such as wood compared to coal. 

However, there have been successful attempts to use entrained suspension bed gasifiers for 

biomass. Zhou et al. (2009) made a successful experimental setup using rice husk, sawdust 

and camphor wood as feedstock. In the report by the European Commission (2006)it  is 

mentioned that pre-treated municipal wastes is possible to use in entrained suspension bed 

gasifiers and also that hazardous wastes in liquid, pasty or granulated form can be used. The 

entrained suspension bed gasifiers are operated at high temperatures and give a gas with low 

char and methane content. Usually oxygen is used as a gasification medium. Fixed bed 

gasifiers are classified according to airflow and are called updraft, downdraft and cross-flow. 

In general fixed bed gasifiers have the advantage that the design is simple but the gas they 

produce is of low calorific value and the tar content is high. In the updraft gasifier the feed is 

introduced at the top and the air at the bottom of the gasifier. The gas leaving the gasifier has 

a low temperature and therefore the overall energy efficiency of the process is higher than for 

the other configurations. The particulate content is low since the gas is filtered through the 

feed. It is also difficult to maintain a uniform radial temperature and problems with local 

slagging for large installations (Li et al., 2004; McKendry, 2002). An example of waste that 

has been gasified in an updraft gasifier is salmon waste (Rowland et al. 2009). In the 

downdraft gasifier the feed and the air flow are in the same direction. The gases leaves the 

gasifier at a high temperature making the overall energy efficiency low and particulate 

content is high but the tar content of the product gas is lower than for an updraft gasifier 

since the gas passes the hot zone before leaving the gasifier. Examples of wastes that have 

been gasified in a downdraft gasifier are hazelnut shells and wood waste (furniture). (Dogru 

et al., 2002; Sheth and Babu, 2009; McKendry, 2002).  

 

In a fluidised bed reactor a carrier material (e.g. sand) is used, which, being flowed through 

by a gas, shows liquid-like behaviour. Compared to fixed bed gasifiers, fluidised bed gasifiers 

have the advantage of having a uniform temperature distribution in the gasification zone. 

There are three main types of fluidised bed gasifiers in use: Circulating Fluidised Bed (CFB) 

gasifier, Bubbling Fluidised Bed (BFB) gasifier and the Internal Circulating Fluidised Bed 

(ICFB) gasifier. In the CFB gasifier the bed material is circulated between the reaction vessel 

and a cyclone separator where ash is separated. One example of a waste that has been 

gasified in a CFB gasifier is sawdust (Li et al., 2004). The BFB gasifier consists of a vessel 

with a grate at the bottom through which air is introduced. Above the grate there is a moving 

bed of fine-grained material. The biomass is then added to this moving bed. The ICFB gasifier 

consists of two separate interconnected chambers which are normally operated with 

gasification in one of the chambers and combustion in the other. The major difficulty in 

operation of fluidised bed gasifiers is the possibility of slagging of the bed material due to the 
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ash content of the fuel. Alimuddin et al. have reviewed gasification of lignocellulosic biomass 

in fluidised beds. Among the mentioned feedstock are those that could be considered as 

waste such as wheat straw, saw dust and olive oil residues. According to Alimuddin et al. 

many researchers have been looking into gasification of lignocellulosic biomass and fluidised 

beds are very able to conduct the gasification process even though more research is required 

for significant progress in the area. (McKendry, 2002;  Alimuddin et al., 2010; Miccio et al., 

2008). In Figure 3.4.1 the different types of gasifiers are illustrated. 

 

Valleskog et al. (2008) mention three different gasification processes that can be used for 

gasification of biomass pressurized gasification in a fluidised bed, indirect gasification in a 

gasifier and combustor, and hydrogen gasification. Data for those processes is presented in 

Table 3.4.1.  Indirect gasification means that the heat for the process is supplied from outside, 

usually by burning coke separated from the gasified fuel.  In the project GoBiGas 

(Gothenburg Biomass Gasification Project) forest residues will be gasified in an indirect 

gasification plant combined with an existing biofuel CFB boiler.  The gasification process will 

be based on technology from the Austrian company Repotec. The first stage of the plant is 

planned to be ready in 2012 and is then planned to produce 20 MW gas. A second stage 

producing 80 MW gas will then be built to 2016. (Göteborg energi, 2011).  Another 

gasification plant being built, using waste as resources is a plant in Lahti, Finland. Here 

250000 tons of waste from businesses and households in Lahti and Helsinki will be used to 

generate 90 MW of heat and 50 MW of power per year. The plant is planned to start in 2012. 

(European Investment Bank, 2011). The supplier of the gasification process both to the 

GoBiGas project and to the Lahti plant is Metso (2011). 

 

The company Energos has built several plants with waste as feedstock. The process is based 

on a two-step thermal conversion of the fuel with gasification on a grate in one chamber 

followed by high temperature oxidation in a combustion chamber. The heat is used to 

produce steam  for a steam turbine. MSW, residual MSW, RDF and commercial waste are 

used as feedstock. The first plant was commissioned in Norway in 1997 and currently six 

plants are in operation in Norway, one in Germany and one in United Kingdom. The fuel 

capacities of the different plants are from 10 000 to 78 000 tons/year with a thermal energy 

production of 25 to 256 GWh/year. (Energos, 2011) 

 

Foster Wheeler Energia Oy develops gasifiers for gasification of RDF. The process is based on 

pressurized oxygen-steam fluidised-bed gasification.  A lot of effort is also put on cleaning the 

gas and catalytic reformation to a clean syngas.  They also have a system for stand- alone 

power plants using the produced gas in a gas-fired boiler. Foster Wheeler has already 

delivered atmospheric fluidised bed gasifiers using waste as feedstock. They have also tested 

straw as feedstock with good results but economic studies done in 2001 for a plant in 

Denmark showed that the straw price was too high to make it profitable. (Palonen et al., 

2006)  
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a) 

                                               
b) 

                                                               
c) 

Figure 3.4.1 Different types of gasifiers. Other gasification medium than exemplified with here is possible. a) Fixed 

bed gasifiers, up-draft to the left and down-draft to the right, b) Fluidised bed gasifiers, bubbling bed to the left 

and circulating bed to the right,  c) entrained suspension bed gasifiers (also called entrained flow gasifiers) 

(Belgiorno et al., 2003; Palonen et al., 2006; Naqvi et al., 2010) 
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Table 3.4.1 Typical process data for some gasification processes used for biomass gasification (Valleskog et al., 

2008). MC= Moisture Content 

Process Reactor Temperature 

[°C] 

Pressure 

[bar] 

Media Comments 

Pressurised 
gasification 

Fluidised bed 850-950 20 Oxygen MC of feed < 15% 
Sand in bed 

Indirect 
gasification 

Gasifier and 
Combustor 

800-900 1 Steam Ungasified carbon 
combusted in 

combustor, heat 
transferred with sand 

Hydrogen 
gasification 

 800-850 30 Hydrogen MC of feed < 5% 
Feed in small sized 

particles 
High content of 

methane and low 
content of CO in gas 

 

According to an Italian study more than 100 plants with gasification of waste can be found in  

Japan and most of them are using untreated waste as feedstock (Panepinto and Genon, 

2010). However, Kirkels and Verbong (2011) point out that most of these plants are focused 

on waste handling and not energy recovery. 

 

One type of waste that has been of interest for gasification since the 1990´s is black liquor 

from pulp production. Besides producing gas for further use the process is also designed for 

recovering of cooking chemicals for the pulp process, where reduction of sulphate to sulphide 

is important. This process has been studied both experimentally and theoretically. Several 

technologies have been developed and tested for this application. Some operate at low 

temperatures, 600–850 °C, below the melting point of the inorganic material in the waste, 

and other at high temperatures 900–1000 °C. In the first group fluidised bed based 

processes can be found, for example a process developed by  Manufacturing and Technology 

Conversion International (MTCI) using an indirectly heated bed of sodium carbonate and 

steam as gasification medium  and another developed by ABB with direct causticization using 

a circulating fluidised bed of titanium dioxide. The gasification medium in the second process 

is air and the pressure is 5 bar. An example of a high temperature process is the one 

developed by Chemrec based on entrained flow gasification. Here the gasification medium is 

oxygen and the process pressure is 30 bar. Catalytic hydrothermal gasification is also a 

technique that has been suggested for black liquor gasification. (Dahlquist and Jones, 2005; 

Naqvi et al., 2010). In Table 3.4.2 some examples of waste gasification plants are given. 

 

Kirubakaran et al. (2009) have identified some variables affecting the gasification process of 

biomass; size, shape, structure, environment, flow of medium, heating rate, temperature, 

type of ash (catalytic or not). The size of the feedstock material affects the heat transfer, the 

smaller the size of the feedstock particles the better the heat transfer. The shape also has an 

impact; biowaste is most often found in powder form. Therefore the biowaste needs to be 

pelletized before gasification to reduce the needed size of the gasifier and pelletization is a 

power consuming process. If the biowaste instead of turning to powder forms into lumps  
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Table 3.4.2 Some examples of waste gasification plants. (European Commission, 2006; Palonen et al., 2006; 

Energos, 2011) 

Plant 
(year built) 

Process Temperature 

[°C] 

Pressure 

[bar] 

Feedstock Comments 

Sekundärrohstoffver-
wertungszentrum, 
Schwarze Pumpe, 

Germany 
(1995) 

Entrained 
flow  

 

1600-1800 

 

 

? Waste oil and 
coal 

31 000 tons of oil 
processed until 

2006 

? Packed bed, 
steam and 

oxygen 

800-1300 25 Coal and waste 
plastics,  

dehydrated 
sewage sludge, 
contaminated 

soils (up to 85 % 
waste) 

 

Japan 
(2001 and 2002) 

Fluidised bed 
+ cyclonic 

high 
temperature 
step, steam 
and oxygen 

700-1400 8 Plastic packaging Demonstration 
plants, capacity 30 

and 65 tons per 
day 

gas used for 
ammonia 

production 

? Bubbling 
fluidised bed, 

air 

580 1 Shredding 
residues, waste 

plastics, 
shredded MSW 

Combined with 
melting chamber 
with combustion 

of the gas 

Lahden Lämpövoima 
Oy, Kymijärvi, Lahti, 

Finland 
(1998) 

Circulating 
fluidised bed 

850-900 1 Gluelam, 
Classified waste 

fuel, Wood, 
Plastics, Paper, 

Peat 

Gas used in power 
plant boiler 

300-400 MWh 
gas/year 

Isle of Wight, United 
Kingdom 

(2009) 

Fixed 
horizontal oil-
cooled grate 

? ? RDF Combustion of gas 
in high 

temperature 
oxidation chamber 
Capacity: 30 000 

tons/year 
1.8  MW electricity 

 

these lumps need to be chipped if they are larger than 6 cm.  When it comes to structure, if 

the biomass is highly porous the surface area for reaction is very high and the diffusion of 

reactant/product will be facilitated. Furthermore uniform temperature can be achieved 

throughout the biomass feedstock resulting in continuous reactions at all parts of the 

biomass making the composition of the product gases homogeneous. When the biomass is 

less porous the reaction will only take place at the exterior surface and the product gases will 

not be uniform. A reactive environment (air/oxygen) results in complete gasification of the 

biomass while inert environment (nitrogen/argon) benefits pyrolysis resulting in more char. 

On the subject of flow of medium, secondary degradation of char to gases can be prevented 

by sweeping away devolatilized gases by using inert gases.  If the medium is static then there 

is a possibility of secondary degradation which may result in complete gasification. However, 
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according to Kirubakaran et al. no attempt has been reported so far on the effects on biomass 

gasification when using static inert or static reactive medium. Formation of char is 

minimized by using high heating rates. Temperature also affects the gasification process; 

according to Kirubakaran et al. (2009) two temperature ranges are normally selected above 

and below 500⁰C. However other temperatures have been reported by other authors, 

Ptasinski states that temperatures below 600⁰C should not be selected due to kinetic 

limitations (Ptasinski, 2008).  The processes used for biomass gasification presented by 

Valleskog et al (Valleskog et al , 2008) are all  operated at temperatures between  800 and 

950 ⁰C  (see Table 3. 4.1). The last variable mentioned by Kirubakaran et al.  as an important 

parameter for biomass gasification is ash which can also affect the process since impurities 

can catalyze or inhibit the gasification even in small concentrations. (Kirubakaran et al., 

2009) 

 

As mentioned in the beginning of this chapter, air and oxygen are not the only media which 

can be used for gasification. Ordinary gasification using steam has difficulties with char 

formation, which reduces the gasification efficiency. Near- and supercritical water 

gasification offers a solution to this problem according to Matsumura et al. (2005). There are 

two types of near-and supercritical water gasification: low-temperature catalytic gasification 

and high-temperature supercritical water gasification. In the low-temperature application 

temperature ranges from 350⁰C to 600⁰C and in the high-temperature application from 

500⁰C to 800⁰C. In the low-temperature catalytic gasification catalyst are used to improve 

the reactions even though full gasification is still hard to achieve. At the high temperatures 

the biomass is highly reactive allowing for high gasification efficiency but when 

concentrations of organic material are increased the gasification efficiency is decreased. 

Biowaste has been tested for this application. According to Matsumura et al. researchers at 

the University of Hawaii have tested using potato waste as feedstock and have received good 

results. The conclusion of Matsumura et al. is that supercritical water gasification can 

become an important process for conversion of wet biomass or organic waste.  There are still 

technical problems but it can be competitive with biomethanation. The syngas produced 

through steam gasification contains mainly methane and carbon dioxide while gas produced 

through air gasification mainly consists of hydrogen, carbon dioxide and nitrogen. In a 

review on the thermodynamic efficiency of gasification Ptasinski (2008) concluded that the 

carbon boundary point is the optimum point for air-blown gasifier and that the exergetic 

efficiency at this point is 80.5%. For steam gasifiers the optimal gasification occurs when the 

steam-to-biogas ratio is 1.30 kg/kg and the resulting exergetic efficiency is then 87.6%. 

Ptasinski also points out that while the steam gasification exergetic efficiency is at a first 

glance higher the difference decrease when exergy losses at the steam production is 

considered. Furthermore Ptasinski points out that the feedstock affects the chemical 

composition of the gas and the process. Biomass contains more oxygen than coal which 

previously has been the main feedstock for gasification. The optimal point for biomass 

containing more coal, from exergetic efficiency point of view, is above 800⁰C. However, for 

the majority of biomass feedstock the optimum temperature is instead between 620⁰C and 

660⁰C. For sludge and manure it is even lower, below 600⁰C. Nevertheless higher 

temperatures than these are practically suitable due to kinetic limitations and therefore 

methods have been developed to increase the optimal temperature. One way is co-
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gasification with coal and another is thermal pre-treatment. Ptasinski also compares the 

gasification efficiency of coal, vegetable plant, straw, treated and untreated wood, 

grass/plants, sludge and manure. Sludge and manure exhibit lower efficiencies than the other 

feedstocks. Otherwise there are small differences in gasification efficiencies based on lower 

heating value. (Ptasinski, 2008) 

 

Another possible technique for gasification of waste is using thermal plasma. Gomez et al. 

(2009) made a review of using thermal plasma for treatment of waste. In this process an 

electrically generated plasma arc torch is used for the gasification. Thermal plasmas can 

reach temperatures up to 20 000 ⁰C. Among the advantages with this technique are fast 

reaction times and large throughputs due to high-energy density and temperatures, the 

possibility to treat solids, liquids and gases, and that no fuel is combusted. Thermal plasma 

treatment has been used for hazardous wastes such as ashes from combustion plants, 

healthcare wastes, asbestos waste, waste from steelmaking, and chlorine containing wastes. 

The process gives a vitrified slag that can be reused for example for roadbed and concrete 

aggregates. The conclusion of Gomez et al. is that the technical feasibility has been 

demonstrated for the thermal plasma technology but the economic viability is unclear. 

Lemmens et al. (2007), investigated the gasification of pelletized RDF, from carpet and 

textile waste, in a thermal plasma pilot plant. Due to a non-optimal test reactor they were not 

able to assess the stability of gasification but still they conclude from their test results that it 

is possible to achieve a suitable syngas quality from plasma gasification. In Japan a plasma 

gasification plant using MSW as feedstock has been running since 2003. Also mixtures of 50 

% MSW and 50 % auto shredder residues are treated. The capacity of the plant is up to 220 

tons/day of MSW or up to 165 tons per day of the mixture. (Willis et al., 2010). Clark and 

Rogoff  (2010) have studied the economic feasibility of a plasma gasification plant, using 

MSW  but also other waste material as feedstock, in Iowa, USA. Different waste capacities, 

150 to 600 tons/day, and output configurations were evaluated. The output configurations 

included using the syngas for electricity production, using the syngas as substitute fuel, using 

the slag for rock wool production, and using the syngas for production of ethanol fuel 

additive. They found that a plant with the largest capacity selling the syngas for direct use 

could be economically feasible. 

3.4.2  Process modelling 

Better understanding of the thermal gasification process and its optimal working conditions 

can be gained by modelling of the process just as for biogas production in biological 

processes. 

 

According to Nemtsov and Zabaniotou (2008) even though the processes are different, 

modeling approaches that are used for gasification of coal could also be applied for 

gasification of biomass. A number of different types of models have been created for 

gasification; two examples are kinetic models and equilibrium models. Nemstov and 

Zabaniotou identify two categories simulation of discrete biomass particle (DPM) and 

simulation of the reactor. Different models have different applications. Kinetic models can 

predict the progress and product composition at different positions in the reactor and an 

equilibrium model can be used to predict maximum achievable yield of the product gas. 
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According to Di Blasi, equilibrium models can also, given the solid composition and 

equilibrium temperature, predict exit gas composition. However Di Blasi also stresses the 

limitations of equilibrium models stating that ―they cannot be used for reactor design‖. (Di 

Blasi, 2000; Li et al., 2004; Nemtsov and Zabaniotou, 2008) 

 

Huang and Ramaswarmy suggest a different way of classifying gasifier models and divide 

them into 0-D, 1-D, 2-D and 3-D models (D is representing dimension). The 0-D is the space 

independent models which are the thermodynamic equilibrium models. 1-D, 2-D and 3-D 

models are models that contain space variables that consider local heat/mass transfer. The 

equilibrium models can be furthered divided into stoichiometric models, which are based on 

stoichiomtric reactions and non-stoichiometric equilibrium models, which are based on 

minimization of Gibb‘s free energy.  (Huang and Ramaswarmy, 2009) 

 

Regarding 0-D models or equilibrium models, there are some discussions regarding the 

accuracy and suitability of such models in relation to the gasification process. Melgar et al. 

(2007) mention two other studies on coal gasification that has concluded that equilibrium fits 

the gasification process well and states that similar conclusions have been made by 

researchers on downdraft biomass gasification (Melgar et al. 2007). In a study by Ramanan 

et al. (2008) equilibrium modelling is used for modelling the downdraft gasification of 

cashew nut shell char and the authors conclude that the equilibrium modelling works well for 

predicting the effect of equivalence ratio, moisture content and reaction temperature. At the 

equivalence ratios less than 0.15 the model due to pyrolysis fails to predict the gas 

composition correctly but otherwise the model predictions correspond to experimental 

values.  Another study states that it is important to have a ―fairly simplified method‖ that is at 

the same time reliable and accurate and that equilibrium models fulfils these demands. 

Furthermore, the authors mean that kinetic models are very complex and hard to implement 

on a computer. (Altafini et al., 2003). 

 

 In contrast Roy et al. mean that thermodynamic equilibrium never occurs in reality in the 

gasification process and can only be approximated in the high temperature zone of the 

downdraft gasifier. Roy et al. instead uses different techniques for modelling the different 

zones of the downdraft gasifier. The pyro-oxidation zone was solved using chemical 

equilibrium while finite rate kinetics was used for the reduction zone. (Roy et al., 2009). 

Huang and Ramaswarmy (2009) found a mismatch between their non-stoichiometric 

equilibrium model‘s result and result from experiments but by modifying the model using 

real experimental data they created a better match. Li et al. (2004) also tried using a non-

stoichiometric equilibrium model to model a circulating fluidised bed gasifier but they also 

found that the result of the model deviated from the result of the real gasifier. According to 

the authors earlier work has also reported a difference in gas composition from equilibrium 

calculations. The greater the deviation the further the system is away from chemical 

equilibrium. They define something called the best fit temperature, which is ―the temperature 

that minimizes the sum of square of the deviations for five principal gas species (H2, CO, 

CO2, CH4, N2)‖ (Li et al., 2004). At full chemical equilibrium and the best fit temperature 

the actual temperature should be the same and therefore the best-fit temperature could be 

used as a measure of approach to chemical equilibrium. Examples of non-stochastic 
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equilibrium models implemented for waste are Mountouris et al. (2006) who implemented a 

model for plasma gasification of solid waste and Jarungthammachote and Dutta (2007) who 

created a model of a downdraft MSW gasifier. This model was also modified using 

experimental data to make it fit reality better.   

 

An example of a 3-D model is presented by Fletcher et al. (2000). They have created a 

detailed CFD model for an entrained flow biomass gasifier feed with a mixture of seeds, 

cotton and pieces of stalk. The authors assume that the biomass can be represented as 

spherical particles. The output of the model is outlet gas composition and temperature.  The 

authors mean that simple mass and energy balances can be used to describe what would 

happen under equilibrium conditions but when using such models no account is taken to 

finite rate processes or of variation over space. A CFD model allows for determination of local 

information and inclusion of finite rate chemistry effects.  (Fletcher et al., 2000) 

 

Another approach to gasification modelling is Artificial Neural Networks (ANN). One study 

created an ANN model consisting of three layers; one input layer with seven nodes, one 

hidden layer with five nodes and one output layer with three nodes. The feedstock used was 

five types of waste to simulate MSW: wood (discarded chopsticks), paper (paper cartons), 

kitchen garbage (from a refectory), polyethylene plastics (from a petrochemical factory) and 

textile (from a tailor‘s shop). The input parameters are percentage of the five feedstock, 

equivalence ratio and temperature. The output parameters are LHV of gas, LHV of 

gasification products and gas yield. When the model was tested against an industrial sample 

the relative error was less than 25% which according to the authors is adequate for industrial 

demand. (Xiao et al., 2009) 

 

Computational modelling tools that has been reported as used for gasification are Glacier 

Computational fluid dynamic (CFD) code REI Models, CFX package, MFIX (Multiphase Flow 

with Interphase eXchanges), ASPEN (Advanced System for Process Engineering), Matlab 

Neural Network Toolbox and FORTRAN (programming language) 

(Nemtsov and Zaniotou, 2008; Faaij et al., 1997, Fletcher et al., 2000; Xiao et al., 2009; 

Altafini et al., 2003) 

3.4.3  Gas cleaning 

Particles, char, ammonia and sulphur usually needs to be removed from the gas produced in 

a gasification process using biomass as feedstock. The particles are removed with cyclones 

and filters in a two-step process where the gas usually is cooled before entering the filtering 

step. Char and also ammonia can be removed in a scrubber using water as the scrubber 

media. For removing the char also oil can be used as scrubber media. The char can also be 

removed chemically either by reactions at high temperatures (over 1000°C) or with the help 

of catalysts that can be supplied to the gasifier bed material or in a separate reactor. If the gas 

will be used as SNG, high temperature removal is not suitable since the methane content of 

the produced gas is reduced. The sulphur in the gas can be removed by adsorption to active 

coal or Zink oxide, where the use of Zink oxide is the most efficient process reducing the 

content to below 100 ppb with operation at 250-300°C. (Valleskog et al., 2008) 
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At the Kymijärvi power plant of Lahden Lämpövoima Oy in Lahti, cleaning of the gas from 

waste and biomass gasification to syngas has been tested in a so called slip stream pilot plant. 

That is, only a small part (about 5%) of the produced gas from a full-scale atmospheric CFB 

gasifier is cleaned. Tests on gas from gasification of both 40 % waste and 60 % biomass based 

fuel and 100% waste were done.  In this pilot plant the gas was first cooled and then passed 

through a hot gas filter. Ash was removed in both the cooler and the filter. The outline of the 

plant is shown in Figure 3.4.2. Glass fibre bag filters with ceramic coating, low-density candle 

filter elements of calcium silicate, and filter of aluminium silicate were tested in parallel. The 

temperature was 320°C to 400 °C during the tests. The plant was running for one year, 2003 

to 2004, with good results without any damage to the filters and dust contents of the cleaned 

gas below 10 mg/Nm3. Tar deposit was kept low in the gas cooler with adjustments of the 

temperature of the cooling water and with spring hammers. With addition of limestone 80 % 

of the chlorine was removed and with calcium hydroxide 95% was removed.  99.9 % of the 

fuel content of heavy metals was possible to remove with the ash. However, mercury and 

most of the sulphur will be in the gas phase. (Palonen et al., 2006). Also Göransson et al. 

(2011) mention dry hot gas cleaning in combination with catalysts as a promising technique 

for gas cleaning. 

3.4.1  Uses of the gas 

Produced syngas can be either directly combusted to produce heat or electricity. Another 

option is the use of the syngas in chemical industry. Also combinations with existing 

installations are known, e.g. a RDF (Refuse Derived Fuel) gasifier as an upstream fuel 

production unit of a power plant.  

 

The resulting syngas can be used to produce Fischer-Tropsch (FT) hydrocarbons, methanol 

and hydrogen.  Sewage sludge is a waste product that is suitable for production of methanol. 

Ptasinski evaluated the sewage sludge to methanol process and found the overall exergetic 

efficiency to be 56%. A process of producing FT fuel from sawdust was also evaluated and the 

overall exergetic efficiency was found to be 36.4%.  In addition, a process to produce 

hydrogen from wood (not waste wood) was evaluated and the efficiency was found to be 

 

 
Figure 3.4.2 Gas cleaning at the slip stream pilot plant in Lahti (Palonen et al., 2006). 
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65.7%. Ptasinski explain some of these large differences in efficiency with that the processes 

differ in how by-products are used and the degree of energy integration in the process. 

(Ptasinski, 2008) 

 

To produce SNG the content of methane has to be increased. This is done by reaction of 

hydrogen with carbon monoxide and carbon dioxide, when also water is produced. Nickel is 

used as catalyst for those reactions. The reaction is more efficient at temperatures below 300 

°C and at high pressures. Three common process designs are; the re-circulated reactor where 

the temperature is kept low with the help of recirculation of cooled product gas; cooled 

reactor where the catalyst is placed in heat exchanger tubes and reactor in several steps with 

addition of steam, where reactors with fixed bed at gradual decreasing temperature is used. 

After the methanisation carbon dioxide and water are removed from the gas. Carbon dioxide 

can be removed by membrane separation (operation pressure 25-40 bar), by pressure swing 

adsorption (using zeolit or active coal) or by scrubbing for example with polyglycolether. The 

water is usually removed by condensation by cooling the gas to 40 °C.  (Valleskog et al., 

2008) 

3.4.2  Other aspects 

In a market analysis by Vallskog et al. (2008) it is concluded that SNG is not competitive to 

natural gas in Sweden today. Further, the markets of greatest interest for SNG is said to be 

industry and vehicle fuel, due to the dependency on continues demand for the product as the 

processes should be run continuously and also due to efficient use of a high quality energy 

product as SNG. The production cost for SNG is calculated to be 390 SEK/MWh compared to 

the price for natural gas of 250 SEK/MWh.  Vallskog et al. also shows that the production 

cost for SNG production starts to level out at a size of about 80 MW fuel feed to the process. 

 

To lower the costs for ash disposal there is an interest for ash treatment and to up-grade the 

ash for further use. (Palonen et al., 2006) 

 

Among the development areas of gasification of biomass, including also waste, are gas 

cleaning, tar reduction, process operation conditions and increasing system energy efficiency. 

(Kirkels and Verbong, 2011; Kumar et al., 2009) 
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4.  Biorefinery and integrated systems 
Biorefinery systems include the production of several products such as, for example, heat, 

electricity, ethanol and biogas. By recirculation of mass and energy flows within the system, 

higher efficiencies can be achieved for the whole production process.  

 

Processes with microbes as production organisms are often called biorefinery operations, 

especially if they are adding to or replacing petrochemical processes. As an equivalent to an 

oil refinery, a biorefinery can be used for manufacturing environmentally friendly biofuels 

and combustible gases as well as industrial chemicals, plastic monomers, synthetic rubber 

etc. The scope of industrial biotechnology and microbiology is strongly broadening to new 

areas such as medicine and other products with relationally small volumes. Biotechnology 

can utilize many sources of biomasses in the production of heat, power, fuels and chemicals, 

such as different types of waste. Combined biotechnical use of biomasses enables local and 

even mobile energy production and furthermore produces logistical benefits, economical 

waste treatment, co-operatives, ecological city planning and other multiplied benefits. Also 

the biorefinery‘s water management can be renewed in order to remove toxic substances, 

minimize environmental impacts and produce pure, clean water. Finnoflag Oy has developed 

a technology that converts waste materials into e.g. fuels, chemicals, plastic and rubber via 

low-energy routes. The Finnoflag technology is based on the PMEU (Portable Microbe 

Enrichment Unit) which is a new innovative instrument for use in the microbe detection 

process and that is designed to create an optimal growth environment for microbes. 

(Hakalehto, 2010). 

 

At present, the economic competitiveness of bio-ethanol strongly depends on the amount of 

needed energy in the production process besides the feedstock cost. In order to improve the 

economic performance and increase energy efficiency of bio-ethanol production the concept 

of integration is of growing interest to satisfy the requirements of economic and technical 

development, especially when dealing with small-scale bio-ethanol plants. (Kirk, 1984; 

Starfelt et al., 2009; Pfeffer et al., 2007; Reith et al., 2001; Starfelt et al., 2010; Song et al., 

2010). 

 

The results of Starfelt et al. (2009) show that integration of bio-ethanol production with an 

existing CHP plant can be beneficial from both an energy and economic point of view. For 

example, it is shown that the integration can give a reduction in biomass feedstock 

consumption and an increase of power production compared to two stand-alone plants. An 

integrated system of bio-ethanol and solid fuel production is described by Sassner et al. 

(2008). If a new small-scale CHP plant can be installed for integration with an existing bio-

ethanol plant, the residual energy from the production process can be utilized as much as 

possible while reducing production costs and CO2 emissions (Eriksson et al., 2010). 

 

Cherubini and Ulgiati (2010) made a life cycle analysis of a biorefinery using crop residues as 

feedstock producing ethanol, biogas, heat, electricity and biochemicals. Their conclusion is 

that a biorefinery reduce the greenhouse gas (GHG) emissions with 50 % compared with a 

fossil fuel based system. 
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Also the gasification process is of interest for biorefineries.  One example is the GoBiGas 

project described in Chapter 3.4. The process is here integrated with power and heat 

production and the produced gas will be used as transportation fuel. Vallskog et al. (2008) 

show that combination of the production of SNG with power, heat and also liquid fuels can be 

favorable from an economic point of view. Panopoulos et al. (2006) presents a concept where 

a solid oxide fuel cell is integrated with biomass gasification.  

 

An example of a new integrated system including waste to energy is the system described by 

Cheung et al. (2009). They suggest a system combining waste combustion with biofuel 

production from algae. They see this as a promising system for remote hybrid energy 

management systems. The waste combustion plant provides heat and CO2 from the flues 

gases for cultivation of algae. The algae are then used for production of bio fuels. As 

mentioned in Chapter 3.2.1 combustion of waste can also be integrated with a gas turbine to 

improve the efficiency. Udomsri (2001) has also studied the possibility to combine thermally 

driven cooling with a waste combustion plant. 



56 

5.   Comparisons of different conversion processes 
Several studies comparing alternative processes for waste to energy utilization can be found 

in literature. Different methods and approaches are used and also different countries or 

regions have been studied. Finnveden et al. (2007a) presents an overview of different 

methods for assessment of waste management systems and some of those methods have been 

used for evaluating different possibilities for waste to energy systems. Pires et al. (2011) 

presents a review of system analysis techniques applied on systems for municipal solid waste 

handling.  Some examples of studies, found in literature, comparing different waste-to- 

energy systems are given below. 

 

Cherubini et al. (2009) have made LCA of three different options to treat MSW, all including 

energy recovery. The studied options were landfill with landfill gas recovery, sorting using 

one fraction for upgraded biogas production and one fraction for electricity production by 

combustion, and the third case producing electricity from combustion of the unsorted waste. 

The second alternative showed to be the best option with anenergy efficiency of 52 % and also 

a low ecological footprint. The energy efficiency for the first alternative was 13 % and for the 

third 22 %. Kirkeby et al. (2006) presents LCA of two different alternatives for the MSW 

system in Aarhus, Denmark. The two alternatives are similar to the second and third 

alternatives in the study by Cherubini et al. with the difference that the biogas is not up-

graded but used for power and heat production and also with the difference that heat 

production is included in both alternatives. Contrary to the result of Cherubini et al., Kirkeby 

et al. find the combustion alternative more favourable even though they point out that the 

difference between the two alternatives is small. Also Fruergaard and Astrup (2011) have 

made LCA analysis of some waste to energy options for Danish conditions. They compare 

three options (combustion with and without energy recovery and co-combustion with coal) 

for RDF fuel and four alternatives for organic waste (combustion with and without energy 

recovery, anaerobic digestion using biogas for transportation, and anaerobic digestion using 

biogas for CHP production), where both the RDF and organic waste are from municipal 

waste. Their conclusions are that co-combustion and combustion of RDF with energy 

recovery show similar results and for organic waste combustion with energy recovery is a 

better alternative than anaerobic digestion. LCA of different waste-to-energy scenarios in 

England are presented by Tunesi (2011). The analysis includes different numbers, locations 

and types of waste management plants including combustion, gasification and anaerobic 

digestion. Her conclusion, concerning comparing different energy recovery options, is that a 

system with combustion performs similar or slightly better than a system with gasification. 

 

Kimming et al. (2011) presents a LCA comparison of two different energy (electricity, heat, 

fuel) agriculture self-sufficiency systems in Sweden using agriculture residues as energy 

resource. The first system use straw for energy production and the second use ley, grown as 

green manure. In the system using straw, ethanol is produced for covering the fuel demand 

for field operations on the farm, burning straw for heat production and using lignin residues 

from ethanol production for electricity and heat production in a CHP plant. In the second 

system biogas is produced from ley that is then used both for electricity and heat production 
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in a CHP plant and also upgraded for use for field operations on the farm. Their conclusion is 

that the system based on using ley needs less farm area to be used to cover the energy 

demand and it also gives higher emission saving although the results are sensitive to 

assumptions about soil carbon content and by-product handling. 

 

Gómez et al. (2010) have studied the economic potential for generating electricity from 

MSW, sewage sludge and manure in Spain. The three conversion routes landfill gas 

utilisation, anaerobic digestion, and combustion are considered. Their conclusion is that the 

potential range from 3 to 7 % of the electricity generated in Spain. The highest potential and 

most economical alternative is found to be combustion of MSW. 

 

Münster and Lund (2010) compared eight different waste-to-energy technologies in the 

Danish energy system from a fuel efficiency, CO2 emission and economic point of view. The 

studied technologies are combustion of unsorted waste, combustion of RDF, co-combustion 

of RDF with coal, biogas from organic household waste and manure used in CHP, biogas 

from organic household waste and manure used for transportation fuel, gasification of  MSW 

for production of syngas used either as fuel in transportation or for CHP, production of 

biodiesel from animal fat, and production of bioethanol from straw, grass and paper waste 

and also production of biogas from fermentation residues. They found that the most 

attractive alternatives were the one including production of biogas and the one including 

gasification, which is the opposite to what Gómez et al. found and also different from the LCA 

analysis of Fruergaard and Astrup. However, Gómez et al. only consider electricity 

production costs, while Münster and Lund have done a more complex energy system analysis 

including different possible energy products and also CO2 emission reduction. The two 

studies also represent different parts of Europe where Münster and Lund have studied 

Denmark where heat demand and CHP is important factors in the energy system while those 

factors are of minor importance in Spain studied by Gómez et al. The studies by Fruergaard 

and Astrup and Kirkeby et al. also consider Denmark but the studied alternatives are slightly 

different. Finnveden et al. (2007b) point out that it is difficult to compare combustion and 

anaerobic digestion of waste because they have different advantages and disadvantages and 

that the environmental impact of digestion is dependent on many factors that vary with the 

studied situation. However, they conclude that anaerobic digestion is a good alternative for 

some waste fractions such as manure, waste from food industry and some fractions of 

household waste. 

 

Dornburg et al. (2006) and Dornburg and Faaij (2006) studied different possibilities for the 

Dutch waste treatment system including several energy conversion processes such as 

anaerobic digestion, gasification, pyrolysis, and different options for combustion. They 

optimized the system in terms of primary energy savings and their costs for future scenarios 

for the year 2020. Their conclusion is that gasification and hydro-thermal upgrading are the 

most attractive energy conversion technologies and that electricity production is more 

favourable than transportation fuel production. 

 

The use of MSW for energy purposes in Ireland was studied by Murphy and McKeogh 

(2004).  Combustion, gasification, anaerobic digestion using the gas for transportation and 
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anaerobic digestion using the gas for CHP production were studied.  They found that 

gasification was more favourable than combustion mainly due to that the market for thermal 

energy is difficult in Ireland.  Further anaerobic digestion using the gas for transportation 

fuel was found to be the economical most favourable option. 
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6.  Conclusions 
In the above description of the state-of-the art of the waste-to-energy area several different 

waste categories and conversion processes have been addressed. In Table 6.1 the 

characteristics of and products from the different conversion processes are summarised and 

in Table 6.2 identified development areas are given. Further, in Table 6.3 the different waste 

categories considered for the different types of conversion processes can be found. 

 

Sludge from waste water treatment, municipal solid waste (MSW) and refuse derived fuels 

(RDF) are all used as feedstock both in anaerobic digestion, combustion, pyrolysis and 

gasification. Most experiences can be found for combustion and anaerobic digestion of waste 

and for these conversion processes there are commercial and well-proven technology. 

However, the focus has so far mostly been on waste management and further development is 

needed to improve the energy efficiency. For fermentation of lignocellulosic waste, and 

pyrolysis and gasification of waste the basic techniques need to be further developed and 

tested to be fully commercial as energy recovery processes. The development areas are 

different for the different conversion processes but pre-treatment of the waste is one area 

that is of interest for several conversion processes. Common areas of interest for the thermal 

conversion processes are gas cleaning/emission control and ash handling/by-product quality 

and use.  Some more unconventional processes for gasification, such as plasma technology 

and supercritical water gasification have lately also been suggested for waste.  
 

Table 6.1 Characteristics and products for different waste conversion processes 

Conversion 
process 

Conversion 
characteristics 

Main products  By-products 

Anaerobic digestion 35-55 °C (for 
hygienisation 70 °C), 

anaerobic, reactor size 
10-10 000 m3 

Gas (main components CH4 
and CO2) 

Fertiliser 

Fermentation 20-400 °C (different for 
different process steps 

and configurations) 

Ethanol Solids of lignin (use for 
pellets production or as fuel 

in combustion) 
Stillage (use for biogas or 
animal feed production) 

Combustion Steam data 40-
110bar/400-540 °C, 

thermal capacity 5-120 
MW (smallest only for 

heat production) 

Heat, Electricity Ash 

Pyrolysis 250-700 °C, absence of 
oxygen 

Char, Oil or Tar, Gas (CO, CH4, 
hydrocarbons, H2, CO2 
(content dependent on 
feedstock and process 

conditions)) 

Char (use as soil 
amendment, as activated 

coal, as sorbent) 

Gasification 350-1800 °C, air, oxygen 
or steam medium,  1-30 

bar 

Gas (CO, CH4, H2, CO2, H2O, 
N2 (content dependent on 

feedstock and process 
conditions)) 

Ash 
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Table 6.2 Development areas for different conversion processes 

Conversion process Development status Development areas 

Anaerobic digestion Well-proven technology for waste 
treatment 

Feedstock pre-treatment 
Avoidance of  inhibition  

Mixing 
Monitoring and control 

Fermentation Mature and well-proven technology 
for sugary waste 

Research stage for lignocellulosic 
waste 

Increasing the yield 
Process design 

Energy efficiency/integration 

Combustion Mature and well-proven technology 
for waste treatment 

Emission control 
Plant efficiency 

Ash handling (reducing volumes and increasing 
quality) 

Pyrolysis Used for waste treatment 
development stage for waste-to-

energy 

Gas and by-product quality 
Plant efficiency 

Gasification Used for waste treatment 
premature technology for waste 

Feedstock pre-treatment 
Process design 

Process operation 
Gas cleaning and separation 

Ash handling 

 

Anaerobic digestion, fermentation, gasification and pyrolysis give products that can be used 

as fuel in further energy conversion. Ethanol from fermentation is usually used as fuel in 

transportation. The gas from anaerobic digestion can also, after upgrading, be used as fuel for 

transportation but it can also be used directly in an oven, gas engine or gas turbine for heat 

and power production. The gas from gasification can be used in a similar way as the gas from 

anaerobic digestion but it can also be further reformed for production of other types of 

transportation fuels. Most interest in pyrolysis of waste has concerned pyrolysis in 

combination with combustion with the aim to reach a more efficient emission control. 

However, during recent years an increased interest for studies on pyrolysis of waste for 

production of fuels and other products can be seen. 

 

Process modelling can be a usable tool for understanding complex energy conversion 

processes and optimisation of operation conditions. Process modelling also offers the 

possibility to control the process and predict its outcome. For biogas production in biological 

processes and for thermal gasification there exist different modelling approaches.  For 

modelling of the anaerobic digestion process models describing the biological and physical 

processes but also models based on statistical analyses are used. The main problem with the 

first approach is to get the right input data.  For thermal gasification discussions are going on 

concerning what approaches are best suited for different purposes. Both kinetic and 

equilibrium models are available and used. Also statistical models have been suggested. Most 

modelling work can be found for coal and biomass but there also exist a few studies with 

applications on waste. 

 

Of the available comparisons of different waste-to-energy systems found, most concerns 

MSW. The results of the comparisons are dependent on the conditions chosen for the study 
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Table 6.3 Summary of conversion processes for different waste categories. 

Waste Conversion processes Comment 

Sludge from waste water treatment Anaerobic digestion to biogas 

Combustion 

Pyrolysis 

Gasification 

 

Grease trap sludge Anaerobic digestion to biogas  

Manure Anaerobic digestion to biogas 

Gasification 

 

Biowaste Anaerobic digestion to biogas  

Municipal solid waste(MSW) Anaerobic digestion to biogas 

Combustion 

Pyrolysis 

Gasification 

 

Food wastes Anaerobic digestion to biogas From restaurants and industry 

Waste cooking oil Combustion 

Pyrolysis 

 

Refuse derived fuel (RDF) Anaerobic digestion to biogas 

Combustion 

Pyrolysis 

Gasification 

 

Lignocellulosic wastes Fermentation to ethanol 

Combustion 

Gasification 

For example straw, wood wastes, 

sugar cane bagasse, corn stover 

Sugarcane molasses Fermentation to ethanol  

Industrial waste water Anaerobic digestion to biogas 

Fermentation to ethanol 

From distilleries, food processing 

From breweries, sugar mills, food 

processing, tanneries, paper and 

pulp production 

Waste lubricating oil Combustion 

Pyrolysis 

 

Packaging waste Combustion 

Gasification 

 

Plastic 

Product specific industrial waste Combustion Plastic and paper industry 

Bulky waste Combustion Furniture etc. 

Shredder light fraction (SLF) Combustion 

Pyrolysis 

Combustible fraction from 

fragmentation of metal scarp 

Clinic waste Combustion  

Hazardous waste Combustion 

Gasification 

 

Synthetic waste Pyrolysis  

Used tires Pyrolysis  

Cable tails, metal and plastic 

compound material 

Pyrolysis For material recovery 

 

as for example where the system is located and what combinations that are included in the 

options compared. No clear conclusions about what waste to energy technology that is most 

favourable can be drawn from the studies found in literature. 



62 

7.  References 
Abu Qdais, H., Bani Hani, K. and Shatnawi, N. (2010). Modeling and optimization of biogas 

production from a waste digester using artificial neural network and genetic algorithm, 

Resources, Conservation and Recycling, Vol. 54, No. 6, pp. 359-363. 

 

Adani, F., Baido, D. Calcaterra, E. and Genevini, P. (2002). The influence of biomass 

temperature on biostabilization–biodrying of municipal solid waste, Bioresource Technology,  

Vol. 83, pp. 173–179. 

 

Ade-Omowaye, B. I. O., Angersbach, A., Eshtiaghi, M. N. and Knorr, D. (2000). Impact of 

high intensity electric field pulses on cell permeabilisation and as pre-processing step in 

coconut processing, Innovative Food Science and Emerging Technologies , Vol. 1, No 3, pp. 

203–209. 

 

Aden, A., Ruth, M., Ibsen, K. ,Jechura, J.,Neeves, K., Sheehan,  J. and Wallace B.  (2002). 

Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing Co-Current 

Dilute Acid Prehydrolysis and Enzymatic Hydrolysis for Corn Stover, National Renewable 

Energy Laboratory,  NREL/TP-510-32438. 

 

Aden A., Wooley R. and Yancey M. (2000). Oregon Biomass-to-Ethanol Project: Pre-

feasibility Study and Modeling Results, National Renewable Energy Laboratory.  

 

Adler P.R., Grosso S.J.D. and Parton W.J. (2007).  Life-cycle assessment of net greenhouse-

gas flux for bioenergy cropping systems, Ecological Applications. Vol. 17, No. 3, pp. 675–91. 

 

Ahrens T. (2011). Ostfalia University of Applied Sciences Braunschweig / Wolfenbüttel, 

personal contact. 

 

Alatriste-Mondragón F., Samar P., Cox H. H. J., Ahring B. and Iranpour R. (2006). 

Anaerobic codigestion of municipal, farm, and industrial organic wastes: A survey of recent 

literature, Water Environment Research, Vol. 78, N0. 6, pp. 607-636. 

 

Alimuddin, Z., Alauddin, B. Z., Lahijani, P., Mohammadi, M. and Mohamed, A. R. (2010). 

Gasification of Lignocellulosic Biomass in Fluidized Beds for Renewable Energy 

Development: A Review, Renewable and Sustainable Energy Reviews, Vol. 14, pp. 2852-

2862. 

 

Altafini, C. R., Wander, P. R. and Barreto, R. M. (2003). Prediction of the Working 

Parameters of a Wood Waste Gasifier through an Equilibrium Model. Energy Conversion and 

Management, Vol. 44, pp. 2763-2777. 

 

Aly H. F. M. and Megeed E. M. (2008).  Lignocellulosic Biomass Conversion Technologies to 

Biofuels, Potentials in Egypt, A Report Submitted to UNIDO-Cairo-Egypt IMC. 

 



 
 
 
 

63 
 

Angelidaki, I., Ellegaard, L. and  Ahring, B. K. (1999). A comprehensive model of anaerobic 

bioconversion of complex substrates to biogas, Biotechnology and Bioengineering, Vol. 63, 

pp. 363-372. 

 

Avfall Sverige. (2010). Hantering av grovavfall i Sverige (Handling of bulky waste in Sweden), 

Report U2010:05 [in Swedish]. 

 

Avfall Sverige. (2009). Inventering av återvinningsbart material i verksamhetsavfall – 

förstudie (Inventory of recyclable material in waste from enterprises), Report U2009:17 [in 

Swedish]  

 

Bartha, B.K. (2008). Entwicklung einer steuerungsstrategie für die biologische 

abfallbehandlung im dynamischen reaktor, (Development of a Control Strategy for the 

Treatment of Biological Waste in a Dynamic Reactor), PhD Thesis, Technische Universität 

Dresden, Dresden [in German]. 

 

Batstone, D. J., Keller,J., Angelidaki, I., Kalyuzhnyi, S. V., Rozzi, A., Sanders, W. T. M.,  

Siegrist, H. and Vavilin, V. A. (2002). Anaerobic Digestion Model No. 1 (ADM1),  IWA 

Scientific and Technical Report Series, International Water Association, Cornwall. 

 

Bazhal, M., Lebovka, N. and Vorobiev, E. (2003). Optimisation of pulsed electric field 

strength for electroplasmolysis of vegetable tissues, Biosystems Engineering, Vol. 86, No. 3, 

pp. 339-345. 

 

Belgiorno, V., De Feo ,G., Della Rocca, C. and Napoli, R.M.A. (2003). Energy from 

gasification of solid wastes, Waste Management, Vol. 23, pp.1–15. 

 

Bioenergia (2011). http://www.bioenergia.fi [last visited 2011/03/08]. 

 

Blumensaat, F. and Keller, J. (2005). Modelling of two-stage anaerobic digestion using the 

IWA Anaerobic Digestion Model No. 1 (ADM1), Water Research, Vol. 39, pp. 171-183. 

 

BMLFUW (2010). Waste-to-Energy in Austria, White Book – Figures, Data, Facts – 2nd 

Edition, Austrian Federal Ministry of Agriculture, Forestry, Environment and Water 

Management, Vienna. 

 

Bridgwater, A.V. and Peacocke, G.V.C. (2000). Fast pyrolysis processes for biomass, 

Renewable and Sustainable Energy Reviews, Vol. 4, pp. 1-73. 

 

Brink, D. L. (1993). Method of treating biomass material, US Patent 5221357.  

 

Brown, T. R., Wright, M. M. and Brown R. C. (2011). Estimating profitability of two biochar 

production scenarios: slow pyrolysis vs fast pyrolysis, Biofuels, Bioproducts and Biorefining,  

Vol. 5, pp. 54–68.  

 

http://www.bioenergia.fi/


64 

Buchhorn B. (2010). Optimisation And Extension Of The WTE Plant Dordrecht, Netherlands, 

ISWA World Congress, 15-18 –November, Hamburg, Germany. 

Börjesson, P. (2006). Energibalans för bioetanol - En kunskapsöversikt [Energy Balance of 

Bioethanol - A Review], Report No. 59, Department of Environmental and Energy Systems 

Studies, Lund University. [in Swedish] 

 

Börjesson, P. (2009). Good or bad bioethanol from a greenhouse gas perspective – What 

determines this?, Applied Energy Vol. 86, pp. 589-594. 

 

Callander, I. J., Clark, T.A. and McFarlane, P. N. (1986).  Anaerobic digestion of stillage from 

a pilot scale wood-to-ethanol process. II Laboratory-scale digestion studies, Environmental 

Technology Letters, Vol. 7, pp. 325-334. 

 

Carlos, A., Cardona, O. and Sanchez J. (2007). Fuel ethanol production: Process design 

trends and integration opportunities, Bioresource Technology, Vol. 98, pp. 2415–2457. 

 

Carlsson, M. and Lagerkvist, A. (2008). Elektroporation för forcerad metanutvinning från 

förnyelsebara resurser [Electroporation for forced methane extraction from renewable 

resources], Report SGC 190, Svenskt Gastekniskt Centrum. [In Swedish] 

 

Chandel, A. K.., Chan, E. S., Rudravaram, R., Narasu, M. L., Rao, L. V., and Ravindra, P. 

(2007). Economics and environmental impact of bioethanol production technologies: an 

appraisal, Biotechnology and Molecular Biology Review, Vol. 2, No. 1, pp. 014-032.  

 

Cheremisinoff, N. P. and Rezaiyan, J. (2005). Gasification Technologies - A Primer for 

Engineers and Scientists, CRC Press.  

 

Cherubini, F., Bargigli, S. and Ulgiati, S. (2009). Life cycle assessment (LCA) of waste 

management strategies: Landfilling, sorting plant and incineration, Energy, Vol. 34, pp. 

2116–2123. 

 

Cherubini, F. and Ulgiati, S. (2010). Crop residues as raw materials for biorefinery systems – 

A LCA case study, Applied Energy, Vol.  87, pp 47–57. 

 

Cheung, C. H. E., Bengtson, K., Moser, M., Wu, A., Parilla, B., and Mastrangelo, C. (2009). 

Development of a renewable hybrid power generation system, Proceedings of the 2009 IEEE 

Systems and Information Engineering Design Symposium, 24th of April  2009, University of 

Virginia, Charlottesville, VA, USA.  

 

Choi, H., Jeong, S.W., and Chung, Y. J. (2006). Enhanced anaerobic gas production of waste 

activated sludge pretreated by pulse power technique, Bioresource Technology Vol.  97, No. 

2, pp.198-203. 

 

http://www.engineeringvillage2.org/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bChoi%2C+Hanna%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage2.org/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bJeong%2C+Seung-Woo%7d&section1=AU&database=1&yearselect=yearrange&sort=yr
http://www.engineeringvillage2.org/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bChung%2C+Youn-Jin%7d&section1=AU&database=1&yearselect=yearrange&sort=yr


 
 
 
 

65 
 

Chung, Y.C., Bakalinsky, A., Penner, M. H.(2005). Enzymatic saccharification and 

fermentation of xylose-optimized dilute acid-treated lignocellulosics. Applied Biochemical 

Biotechnology, Vol.124, pp. 947–61. 

 

Clark, B. J. and Rogoff, M. J. (2010). Economic feasibility of a plasma arc gasification plant, 

City of Marion, Iowa, Paper no. NAWTEC18-3502, 18th Annual North American Waste-to-

Energy Conference (NAWTEC18), May 11–13, Orlando, Florida, USA. 

 

Dale, M.C. and Moelhman M. (2000). Enzymatic simultaneous saccharification and 

fermentation (SSF) of biomass to ethanol in a pilot 130 l multistage continuous reactor 

separator. Ninth Biennial bioenergy conference, October 15–19, Buffalo, New York. 

 

Daels, T., Willems, B., Vervaeren, H., Dejans, P., Maes, G., Dumoulin, A., and Van Hulle, S. 

W. H. (2009). Calibration and statistical analysis of a simplified model for the anaerobic 

digestion of solid waste, Environmental Technology, Vol. 30, pp.1575-1584. 

 

Dahlquist, E. and Jones, A. (2005). Presentation of a dry black liquor gasification process 

with direct caustization, Tappi Journal, Vol. 15, No. 19, pp. 15-19. 

 

De Baere, L., Mattheeuws, B., and Velghe, F. (2010). State of the art of anaerobic digestion in 

Europe, 12th World Congress on Anaerobic Digestion, October 31st –November 4th, 

Guadalajara, Mexico. 

 

Derbal, K., Bencheikh-Iehocine, M., Cecchi, F., Meniai, A. H., and Pavan, P. 2009. 

Application of the IWA ADM1 model to simulate anaerobic co-digestion of organic waste with 

waste activated sludge in mesophilic condition, Bioresource Technology, Vol. 100, pp.1539-

1543. 

 

Deublein, D. and Steinhauser, A. (2008). Biogas from waste and renewable resources - an 

introduction,  Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA. 

 

Deublein, D. and A. Steinhauser. (2011). Biogas from waste and renewable resources - an 

introduction, Second, Revised and Expanded edition, Weinheim: Wiley-VCH Verlag GmbH & 

Co. KGaA. 

 

Di Blasi, C. (2007). Modeling chemical and physical processes of wood and biomass pyrolysis 

Progress in Energy and Combustion Science, Vol. 34, pp. 47–90. 

 

Dogru, M., Howarth, C. R., Akay, G., Keskinler, B., and Malik, A. A. (2002). Gasification of 

Hazelnut Shells in a Downdraft Gasifier, Energy, Vol. 27, pp. 415-427. 

 

Dong, Y. and Steinberg, M. (1997). Hynol—an economical process for methanol production 

from biomass and natural gas with reduced CO2 emission, International Journal of Hydrogen 

Energy, Vol. 22, pp. 971–977. 

 



66 

Dornburg, V. , Faaij, A.P. C. and Meuleman, B. (2006). Optimising waste treatment systems 

Part A: Methodology and technological data for optimising energy production and economic 

performance, Resources, Conservation and Recycling, Vol.  49 , pp. 68–88. 

 

Dornburg, V. and  Faaij, A.P. C. (2006). Optimising waste treatment systems Part B: Analyses 

and scenarios for The Netherlands, Resources, Conservation and Recycling, Vol. 48, pp. 227–

248. 

 

Ener-G. (2011). http//: www.energ.co.uk [last visited 2011/03/17]. 

 

Energos. (2011). Energy from waste, http://www.energy.co.uk [last visited 2011/03/08]. 

 

Enguídanos, M., Soria, A., Kavalov, B., and Jensen, P.(2002).Techno-economic analysis of 

Bio-alcohol production in the EU: a short summary for decision-makers, Report EUR 20280 

EN. 

 

European Parliament and Council. (2008). Directive 2008/98/EC of 19 November 2008 on 

waste repealing certain Directives, Official Journal of the European Communities, L312/3. 

 

European Parliament and Council. (2003). Directive 2003/30/EC of 8 May 2003 on the 

promotion of the use of biofuels or other renewable fuels for transport, Official Journal of the 

European Communities, L123/42. 

 

European Parliament and Council. (2000). Directive 2000/76/EC of 4 December 2000 on 

the incineration of waste, Official Journal of the European Communities, L 332/91. 

 

Eriksson, G., Kjellström, B. (2010). Assessment of combined heat and power (CHP) 

integrated with wood-based ethanol production, Applied Energy, Vol. 87, pp. 3632–3641.  

 

EUBIA, European Biomass Industry Association. (2011). http://www.eubia.org [last visited 

2011/01/06]. 

 

Eurobserver (2010). Biogas Barometer, http://www.eurobserv-er.org [last visited 

2011/05/26].  

 

European Commission. (2006). Integrated Pollution Prevention and Control, Reference 

Document on Best Available Techniques for the Waste Incineration, BREF (08.2006). 

 

European Investment Bank. (2011). Energy-from-waste plant keeps Finnish city warm, 

http://www.eib.org [last visited 2011/03/02]. 

 

Faaij, A., Vanree, R., Waldheim, L., Olsson, E., Oudhuis, A., Vanwijk, A., Daeyouwens, C. and 

Turkenburg, W. (1997). Gasification of Biomass Wastes and Residues for Electricity  

Production, Biomass & Bioenergy, Vol. 12, pp. 387-407. 

 

http://www.energ.co.uk/
http://www.energy.co.uk/
http://www.eubia.org/
http://www.eurobserv-er.org/
http://www.eib.org/


 
 
 
 

67 
 

Farrell, A. E., Plevin, R.J., Turner, B. T., Jones, A. D., O‘Hare, M. and Kammen, D.M.(2006). 

Ethanol can contribute to energy and environmental goals, Science , Vol. 311, pp. 506–8. 

 

Fendel, A. and Firege, H. (2010). Competition of Different Methods for Recovering Energy 

from Waste Leading to Overcapacities, ISWA World Congress, 15-18 November, Hamburg. 

 

Finnveden, G., Björklund, A., Moberg, Å., Ekvall,  T.  and  Moberg, Å. (2007a). 

Environmental and economic assessment methods for waste management decision-support: 

possibilities and limitations, Waste Management & Research, Vol. 25, pp 263–269. 

 

Finnveden G., Björklund A., Carlsson Reich M., (2007b), Flexible and robust strategies for 

waste management in Sweden, Waste Management, Vol. 27 , pp 1-8. 

 

Fletcher, D. F., Haynes, B. S., Christo, F. C. and Joseph, S. D. (2000). A Cfd Based 

Combustion Model of an Entrained Flow Biomass Gasifier, Applied Mathematical Modelling, 

Vol. 24, pp. 165-182. 

 

Flavell, R.(2007). Biotechnology options for bioenergy crops: prospects for 2nd generation 

feedstock technologies, USDA Global Conference on Biofuels, Minneapolis. 

 

Fruergaard, T. and Astrup T. (2011). Optimal utilization of waste-to-energy in an LCA 

perspective, Waste Management, Vol. 31, pp. 572–582. 

 

Gascoyne, A. (2010.) Trends and drivers in SRF production and use across Europe.  

Presentation at Energy from Waste, February 24th - 25th, London.  

 

Gendebien, A., Leavens, A., Blackmore, K., Godley, A., Lewin, K., Whiting, K. J., Davis, R., 

Giegrich, J., Fehrenbach, H., Gromke, U., del Bufalo, N. and Hogg, D. (2003). Refuse derived 

fuel, current practice and perspectives, b4-3040/2000/306517/mar/e3, Final Report, 

Commission of EC Directorate General Environment, WRc, Swindon.  

 

Gerardi, H. (2003). The Microbiology of Anaerobic Digesters, John Wiley & Sons Inc., 

Hoboken, New Jersey. 

 

Göteborg Energi. (2011). Gothenburg Biomass Gasification Project, GoBiGas, 

http://www.goteborgenergi.se [Last visited 2011/03/02]. 

 

Gomez, E., Amutha Rania, D., Cheeseman, C.R., Deegan, D., Wise, M. and Boccaccini, A. R. 

(2009). Thermal plasma technology for the treatment of wastes: A critical review, Journal of 

Hazardous Materials, Vol. 161, pp. 614–626. 

 

Gómez,  A., Zubizarreta, J., Rodrigues, M., Dopazo, C. and Fueyo N. (2010). Potential and 

cost of electricity generation from human and animal waste in Spain, Renewable Energy, Vol. 

35, pp. 498–505. 

 

http://www.goteborgenergi.se/


68 

Gyllenhammar, M., Victorén, A., Niemi, J. and Johansson, A. (2009). Energiåtervinning av 

brännbar fraktion från fragmentering av metallhaltigt avfall (Energy recovery of combustible 

fraction from fragmentation of metal scrap), Project No. WR-08, Waste Refinery. [in 

Swedish] 

 

Göransson, K., Söderlind, U., He, J. and Zhang, W. (2011). Review of syngas production via 

biomass DFBGs, Renewable and Sustainable Energy Reviews, Vol. 15,  pp. 482–492. 

 

Hakalehto, E. (2010). Biomass-based production of energy and chemicals with the micro-

organisms. Seminar speech in the Second Remowe Open Seminar, 29th September, Kuopio, 

Finland. 

 

Hamelinck, C.N, Hooijdonk, G.V and Faaij, A. P.C.(2005) Ethanol from lignocellulosic 

biomass: techno-economic performance in short-, middle- and long-term. Biomass and 

Bioenergy, Vol. 28, pp. 384–410. 

 

Haug, R.T. (1993). The Practical Handbook of Composting Engineering, Lewis Publisher, 

Boca Raton, Florida. 

 

Hilkiah Igoni, A., Ayotamuno M. J., Eze, C. L., Ogaji S.O.T.  and Probert S.D. (2008). Designs 

of anaerobic digesters for producing biogas from municipal solid waste, Applied Energy, Vol. 

85, pp. 430-438. 

 

Hinge, J. (2009). Elaboration of a Platform for Increasing Straw Combustion in Sweden, 

based on Danish Experiences, Värmeforsk project no. E06-641.   

 

Hossain, M. K., Strezov, V., Chan, K. Y., Ziolkowski, A. and Nelson, P. F. (2011). Influence of 

pyrolysis temperature on production and nutrient properties of wastewater sludge biochar, 

Journal of Environmental Management, Vol. 92 , pp. 223-228. 

 

Huang, H. J. and Ramaswamy, S. (2009). Modeling Biomass Gasification Using 

Thermodynamic Equilibrium Approach, Applied Biochemistry and Biotechnology, Vol.154, 

pp.193-204. 

 

Hussein, M. Z. B., Rahman, M. B. B. A., Yahaya, A. H. J., Hin, T. Y. Y. and Ahmad N. (2001). 

Oil palm trunk as a raw material for activated carbon production. Journal of Porous 

Materials, Vol. 8, pp. 327–34. 

 

Ince, B. K., Ince, O., Anderson, G. K., and Arayici S. (2001). Assessment of biogas use as an 

energy source from anaerobic digestion of brewery wastewater, Water, Air, and Soil 

Pollution, Vol. 126, pp. 239–251. 

 

Jarungthammachote, S. and Dutta, A. (2007). Thermodynamic Equilibrium Model and 

Second Law Analysis of a Downdraft Waste Gasifier, Energy, Vol. 32, pp. 1660-1669. 

 



 
 
 
 

69 
 

Japan for Sustainability. (2007). Commercial-scale wood-based ethanol production begins, 

http://www.japanfs.org [last visited 2010/12/08]. 

 

Johansson, A., Niklasson,  F., Johnsson, A. , Fredäng, J., and Wettergren H.(2009). Drift och 

underhåll av avfallsförbränningsanläggningar – en jämförelse av två tekniker och strategier, 

(Operation and maintenance of Waste Combustion plant – development of a method for 

economical comparison of different techniques and strategies), WR-09, Waste Refinery. [in 

Swedish] 

 

Juvonen, M. (2010). Biokymppi Oy, Presentation at REMOWE Second Open seminar in 

Kuopio, Finland 29.9.2010. 

 

Juvonen, M. (2011). Biokymppi Oy, Personal contact 

 

Karayildirim, T.,  Yanik, J., Yuksel, M., and Bockhorn, H. (2005). Characterisation of 

products from pyrolysis of waste sludges, Fuel, Vol. 85, pp. 1498–1508. 

 

Karim, K., Thoma, G. J., and Al-Dahhan, M. H. (2007). Gas-lift digester configuration effects 

on mixing effectiveness, Water Research, Vol. 41, No. 14, pp. 3051-3060. 

 

Karim, K., Varma, R., Vesvikar, M., and Al-Dahhan, M. (2004). Flow pattern visualization of 

a simulated digester, Water Research, Vol. 38, No. 17, pp. 3659-3670. 

 

Karimi, K., Emtiazi, G., and Taherzadeh, M.J. (2006). Ethanol production from dilute-acid 

pretreated rice straw by simultaneous saccharification and fermentation with Mucor indicus, 

Rhizopus oryzae, and Saccharomyces cerevisiae, Enzyme and Microbial Technology, Vol. 40, 

pp. 138–144. 

 

Kayhanian, M., Tchobanoglous G., and Brown R. C. (2007). Handbook of Energy 

Conservation and Renewable Energy, Taylor & Francis Group. 

 

Kim, S. and Dale B.E. (2005a). Environmental aspects of ethanol derived from no-tilled corn 

grain: nonrenewable energy consumption and greenhouse gas emissions, Biomass and 

Bioenergy, Vol. 28, pp. 475–489.  

 

Kim, S. and Dale B.E. (2005b). Life cycle assessment of various cropping systems utilized for 

producing biofuels: bio-ethanol and biodiesel, Biomass and Bioenergy, Vol. 29, pp. 426–439.  

 

Kimming, M., Sundberg, C., Nordberg, Å., Baky, A., Bernesson, S., Norén, O., and Hansson 

P.A. (2011). Life cycle assessment of energy self-sufficiency systems based on agricultural 

residues for organic arable farms, Bioresource Technology, Vol. 102 , pp. 1425–1432. 

 

Kirk O. (1984). Encyclopedia of Chemical Technology, third ed., Supplement volume, John 

Wiley & Sons Inc., New York. 

 

http://openlibrary.org/authors/OL2732500A/Kirk_Othmer


70 

Kirkeby, J. T., Birgisdottir, H., Lund Hansen, T., Christensen, T. H., Singh Bhander, G., 

Hauschild, M. (2006). Evaluation of environmental impacts from municipal 

solid waste management in the municipality of Aarhus, Denmark (EASEWASTE), Waste 

Management and Research, Vol. 24, pp. 16–26 

 

Kirkels, A. F. and Verbong, G.P.J. (2011). Biomass gasification: Still promising? A 30-year 

global overview, Renewable and Sustainable Energy Reviews, Vol.  15, pp. 471–481. 

 

Kirubakaran, V., Sivaramakrishnan, V., Nalini, R., Sekar, T., Premalatha, M. and 

Subramanian, P. (2009). A Review on Gasification of Biomass, Renewable and Sustainable 

Energy Reviews, Vol. 13, pp. 179-186. 

 

Kleerebezem, R. And  Van Loosdrecht, M. C. M. (2006). Waste characterization for 

implementabon in ADM1, Water Science and Technology, Vol. 54, pp. 167-174. 

 

Knauf, M. and Moniruzzaman M. (2004). Lignocellulosic biomass processing: A perspective, 

International Sugar Journal, Vol. 106, pp. 147-150. 

 

Kopyscinski J., Schildhauer T. J., and Biollaz  S.M.A. (2010). Production of synthetic natural 

gas (SNG) from coal and dry biomass –A technology review from 1950 to 2009, Fuel,  Vol. 

89, pp. 1763 –1783. 

 

Kszos, L. A., McLaughlin, S. B., and Walsh M. (2001). Bioenergy from switchgrass: reducing 

production costs by improving yield and optimizing crop management, Oak Ridge National 

Laboratory, Oak Ridge, USA.  

 

Kumar, A., Jones, D. D., and Hanna, M. A. (2009), Thermochemical Biomass Gasification: A 

Review of the Current Status of the Technology, Energies, Vol. 2, pp 556-581   

 

Kumar, M. and Gayen, K. (2011). Developments in biobutanol production: New insights, 

Applied Energy, Vol. 88, Issue 6, pp. 1999-2012. 

 

Kurakake, M., Ouchi, K., Kisaka, W., and Komaki, T. (2005). Production of L-arabinose and 

xylose from corn hull and bagasse, Journal of Applied Glycoscience, Vol. 52, pp. 281–285. 

 

Köttner, M.(2002). Dry fermentation – a new method for biological treatment in ecological 

sanitation systems (ecosan) for biogas and fertilizer production from stackable biomass 

suitable for semiarid climates, 3rd International Conference on Environmental Management, 

Johannesburg, South Africa. 

 

Lebovka, N., Bazhal, M., and Vorobiev, E. (2002).Estimation of characteristic damage time of 

food materials in pulsed-electric fields, Journal of Food Engineering, Vol. 54, No. 2, pp. 337-

346. 

 

http://www.sciencedirect.com/science/journal/03062619
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235683%232011%23999119993%232908780%23FLA%23&_cdi=5683&_pubType=J&view=c&_auth=y&_acct=C000035198&_version=1&_urlVersion=0&_userid=651553&md5=f543348a87e408b88c3c4cb38d7975f6


 
 
 
 

71 
 

Lemmens, B., Elslander, H., Vanderreydt, I., Peys, K., and  Diels L. (2007). Assessment of 

plasma gasification of high caloric waste streams, Waste Management, Vol. 27, pp. 1562–

1569. 

 

Li,  X.T., Grace, J.R., Lim, C. J., Watkinson, A.P., Chen, H.P., and Kim J.R. (2004).  Biomass 

gasification in a circulating fluidized bed, Biomass and Bioenergy, Vol. 26, pp. 171 – 193. 

 

Lindmark, J., Thorin, E., Kastensson , J., and Pettersson, C. M. (2010). Membrane filtration 

of process water at elevated temperatures - a way to increase the capacity of a biogas plant, 

Desalination, Vol. 267, pp. 160–169. 

 

Lübken, M., Gehring, T., and Wichern, M. (2010). Microbiological fermentation of 

lignocellulosic biomass: current state and prospects of mathematical modeling, Applied 

Microbiology and Biotechnology, Vol. 85, pp. 1643-1652. 

 

Lübken, M., Wichern, M., Schlattmann, M., Gronauer, A., and Horn, H. (2007). Modelling 

the energy balance of an anaerobic digester fed with cattle manure and renewable energy 

crops, Water Research, Vol. 41, pp. 4085-4096. 

 

Malkow, T. (2004). Novel and innovative pyrolysis and gasification technologies for energy 

efficient and environmentally sound MSW disposal, Waste Management, Vol. 24, pp. 53–79. 

 

Malo, L. and Turunen T. (2010). Travelogue from waste-to-energy study trip to Bavaria, 

Germany in September 2010. 

 

Market Research Analyst (2008). World‘s Ethanol Production Forecast 2008 - 2012, 

http://www.marketresearchanalyst.com/ [last visited 2011/05/26]. 

 

Matsumura, Y., Minowa, T., Potic, B., Kersten, S. R. A., Prins, W., Van Swaaij, W. P. M., Van 

De Beld, B., Elliott, D. C., Neuenschwander, G. G., Kruse, A. and Antal, M. J. (2005). Biomass 

Gasification in near- and Super-Critical Water: Status and Prospects, Biomass & Bioenergy, 

Vol. 29, pp.269-292. 

 

 

McDougall, F. R., White, P. R, Franke, M., and Hindle P. (2008). Integrated Solid Waste 

Management: a Life Cycle Inventory, John Wiley & Sons Ltd. 

 

McKendry, P. (2002). Energy Production from Biomass (Part 3): Gasification Technologies, 

Bioresource Technology, Vol. 83, pp. 55-63. 

 

McMillan, J. D. (1997). Bio-ethanol production: status and prospects, Renewable Energy, 

Vol. 10, pp. 295–302. 

 

Melgar, A., Perez, J. F., Laget, H. and  Horillo, A. (2007). Thermochemical Equilibrium 

Modelling of a Gasifying Process, Energy Conversion and Management, Vol. 48, pp. 59-67. 

http://www.marketresearchanalyst.com/2008/01/26/world-ethanol-production-forecast-2008-2012/
http://www.marketresearchanalyst.com/


72 

 

Metso. (2011). Metso to deliver new environmental waste gasification technology to Lahti 

Energia Oy in Finland, http://www.metso.com [last visited 2011/03/02]. 

 

Miccio, F., Kalisz, S., Baxter, D. and Svoboda, K. (2008). Combustion of Liquid Bio-Fuels in 

an Internal Circulating Fluidized Bed, Chemical Engineering Journal, Vol. 143, pp. 172-179. 

 

Mosier, N., Wyman, C., Dale, B., Elander, R., Holtzapple, Y. Y. L. M., and Ladisch M.(2005). 

Features of promising technologies for pretreatment of lignocellulosic biomass, Bioresource 

Technology, Vol. 96, pp. 673–86. 

 

Mountouris, A., Voutsas, E. and Tassios, D. (2006). Solid Waste Plasma Gasification: 

Equilibrium Model Development and Exergy Analysis, Energy Conversion and Management, 

Vol. 47, pp. 1723-1737. 

 

Morgen, C., and Henriksen, N. (2006). Integrated Biomass Utilisation System. Publishable 

Final Report. Doc. No. 486762. 

 

Murphy, J.D. and McKeogh, E. (2004). Technical, economic and environmental analysis of 

energy production from municipal solid waste, Renewable Energy, Vol. 29 , pp. 1043–1057. 

 Münster M. and Lund H. (2010). Comparing Waste-to-Energy technologies by applying 

energy system analysis, Waste Management, Vol. 30, pp. 1251–1263. 

 

Napoli, F., Olivieri, G.,  Russo, M. E. , Marzocchella, A.,  Salatino, P. (2010). Butanol 

production by Clostridium acetobutylicum in a continuous packed bed reactor, Journal of 

Industrial Microbiology and Biotechnology , Vol.  37, pp. 603–608. 

 

Naqvi, M., Yan, J., and  Dahlquist, E. (2010). Black liquor gasification integrated in pulp and 

paper mills: A critical review, Bioresource Technology, Vol. 101, pp. 8001–8015. 

 

Nemtsov, D. A. and Zabaniotou, A. (2008). Mathematical Modelling and Simulation 

Approaches of Agricultural Residues Air Gasification in a Bubbling Fluidized Bed Reactor, 

Chemical Engineering Journal, Vol. 143, pp. 10-31. 

 

Nicosia, S., Lanza, P.A., Spataro, G., and Casarin, F. (2007). Drawing the materials balance 

for an MBT cycle form routine process measures in MBT plant located in Venice, 

International Symposium MBT 2007. 22–24May, Hanover, Germany. 

 

Nielsen, H.B., and Angelidaki, I. (2009). Strategies for optimizing recovery of the biogas 

process following ammonia inhibition, Bioresource Technology, Vol. 99, pp. 7995–8001 

 

Niklasson, F. (2009). Förstudie - Sänkt bäddtemperatur i FB-pannor för avfallsförbränning 

(Pre-study – Reduced temperature of the bed in fluidised bed boilers burning waste), Project 

No. WR-13, Waste Refinery. [in Swedish] 

 

http://www.metso.com/


 
 
 
 

73 
 

Nopharatana, A., Pullammanappalli, P. C. and Clarke, W. P. (2007). Kinetics and dynamic 

modelling of batch anaerobic digestion of municipal solid waste in a stirred reactor, Waste 

management, Vol. 27, pp. 595-603. 

 

Nopharatana, A., Pullammanappallil, P. C. and Clarke, W. P. (2003). A dynamic 

mathematical model for sequential leach bed anaerobic digestion of organic fraction of 

municipal solid waste, Biochemical Engineering Journal, Vol. 13, pp. 21-33. 

 

Odlare M., Arthurson V., Pell M., Svensson K., Nehrenheim E., and Abubaker J. (2010). Can 

Organic Wastes Replace Mineral Fertilizers?, Proceedings of International Conference on 

Applied Energy (ICAE10), 21-23 April, Singapore. 

 

Palatsi, J., Laureni, M., Andrés, M.V., Flotats, X., Nielsen, H.B., and Angelidaki, I. (2009). 

Strategies for recovering inhibition caused by long chain fatty acids on anaerobic 

thermophilic biogas reactors, Bioresource Technology, Vol. 100, pp. 4588–4596 

 

Palonen, J., Anttikoski, T., and Eriksson T. (2006). The Foster Wheeler gasification 

technology for biofuels: refuse-derived fuel (RDF) power generation, Power-Gen Europe, 30 

May-1 June, Kölnmesse, Cologne, Germany. 

 

Panda A.K., Singh R.K., and Mishra D.K. (2010). Thermolysis of waste plastics to liquid fuel 

A suitable method for plastic waste management and manufacture of value added products—

A world prospective, Renewable and Sustainable Energy Reviews, Vol. 14, pp. 233–248. 

 

Panepinto D. and Genon G. (2010). Perspectives for MSW energetic destination: problems 

and technological improvements, Third International Symposium on Energy from Biomass 

and Waste, 8-11 November, Venice, Italy. 

 

Panopoulos, K.D., Fryda, L.E., Karl J., Poulou S., and Kakaras E. (2006). High temperature 

solid oxide fuel cell integrated with novel allothermal biomass gasification Part I: Modelling 

and feasibility study, Journal of Power Sources, Vol. 159, pp. 570–585. 

 

Petersson A. and Wellinger A. (2009). Biogas upgrading technologies –developments and 

innovations, IEA Bioenergy, Task 37 - Energy from biogas and landfill gas. 

 

Pires, A., Martinho, G., and Chang, N. B. (2011). Solid waste management in European 

countries: A review of systems analysis techniques, Journal of Environmental Management, 

Vol. 92, pp. 1033-1050. 

 

Prasad, S., Singh,  A., and Joshi H.C. (2007). Ethanol as an alternative fuel from agricultural, 

industrial and urban residues, Resources, Conservation and Recycling, Vol. 50, pp. 1–39. 

 

Ptasinski, K. J. (2008). Thermodynamic Efficiency of Biomass Gasification and Biofuels 

Conversion, Biofuels Bioproducts & Biorefining-Biofpr, Vol. 2, pp. 239-253. 

 



74 

Pfeffer, M., Wukovits, W., Georg, B., and Anton F. (2007). Analysis and decrease of the 

energy demand of bioethanol-production by process integration, Applied Thermal 

Engineering, Vol. 27, pp. 2657–2664. 

 

Pillay, V. L., Townsend, B. and Buckley, C. A.. (1994). Improving the performance of 

anaerobic digesters at wastewater treatment works: The coupled cross-flow microfiltration 

/digester process, Water Science Technology, Vol. 30, No. 12, pp. 329-337. 

 

Pressebox (2010). http://www.pressebox.de/pressemeldungen/butalco-gmbh/boxid/282015 

[last visited 2010/12/23]. 

 

Puy, N., Murillo, R., Navarro, M. V., López, J. M., Rieradevall, J., Fowler, G., Aranguren I., 

García, T., Bartrolí, J., and Mastral, A. M. (2011). Valorisation of forestry waste by pyrolysis 

in an auger reactor, Waste Management, doi:10.1016/j.wasman.2011.01.020. 

 

Qureshi,  N., Saha, B.C., Hector, R.E., Dien, B., Hughes, S., Liu, S., Iten, L., Bowman, M.J., 

Sarath, G., Cotta, M. A. (2010). Production of butanol (a biofuel) from agricultural residues: 

Part II – Use of corn stover and switchgrass hydrolysates, Biomass and Bioenergy, Vol.34, 

pp. 566 – 571. 

 

Rada, E. C., Ragazzi, M., and Panaitescu, V. (2009). MSW bio-drying: an alternative way for 

energy recovery optimization and landfilling minimization, U.P.B. Science Bulletin, Series D, 

Vol. 71, Issue 4, pp. 113-120. 

 

Ramanan, M. V., Lakshmanan, E., Sethumadhavan, R. and Renganarayanan, S. (2008). 

Performance Prediction and Validation of Equilibrium Modeling for Gasification of Cashew 

Nut Shell Char, Brazilian Journal of Chemical Engineering, Vol. 25, pp. 585-601. 

 

Reith, J., Veenkamp, J., van Ree, R., de Laat, W., Niessen, J., de Jong, E., Elbersen, H., and 

Claassen, P. (2001). Co-production of Bio-Ethanol, Electricity and Heat from Biomass 

Wastes: Potential and R&D Issues, First European Conference on Agriculture & Renewable 

Energy, 6-8 May, Amsterdam, the Netherlands.  

 

Renewable Fuels Association. (2011). 2009 World Fuel Ethanol Production, 

http://www.ethanolrfa.org  [last visited 2011/05/25]. 

 

Roy, P. C., Datta, A. and Chakraborty, N. (2009). Modelling of a Downdraft Biomass Gasifier 

with Finite Rate Kinetics in the Reduction Zone, International Journal of Energy Research, 

Vol. 33, pp. 833-851. 

 

Rowland, S., Bower, C. K., Patil, K. N., and Dewitt, C. A. M. (2009). Updraft Gasification of 

Salmon Processing Waste, Journal of Food Science, Vol.74, pp. E426-E431. 

 

http://www.pressebox.de/pressemeldungen/butalco-gmbh/boxid/282015
http://www.ethanolrfa.org/


 
 
 
 

75 
 

Rösch, C., Skarka, J., Raab, K., and Stelzer,V. (2009). Energy production from grassland – 

Assessing the sustainability of different process chains under German conditions, Biomass 

and bioenergy, Vol. 33, pp.689 –700. 

 

Saddoud A., I. Hassari, and S. Sayadi. (2007). Anaerobic membrane reactor with phase 

separation for the treatment of cheese whey, Bioresource Technology, Vol. 98, pp. 2102–

2108. 

 

Sassner, P., Mårtensson, C.G, Galbe, M., and Zacchi, G. (2008). Steam pretreatment of 

H2SO4-impregnated Salix for the production of bioethanol. Bioresource Technology, Vol. 99, 

pp.137–145. 

 

Schmit, K. H and Ellis, T. G. (2001). Comparison of temperature-phased and two-phased 

anaerobic co-digestion of primary sludge and municipal solid waste, Water Environment 

Research , Vol. 73, Issue 3, pp. 314-321.   

 

SEKAB (2010). http://www.sekab.com [last visited 2010/12/23]. 

 

SEKAB (2010b). Personal contact. 

 

Shapovalov, O. I.  and Ashkinazib, L. A. (2008).  Biobutanol: Biofuel of Second Generation, 

Russian Journal of Applied Chemistry, Vol. 81, No. 12, pp. 2232−2236. 

 

Sheth, P. N. and Babu, B. V. (2009). Experimental Studies on Producer Gas Generation from 

Wood Waste in a Downdraft Biomass Gasifier, Bioresource Technology, Vol.100, pp. 3127-

3133. 

 

Shi, J., and Cao, X. (2009). Biofuels and Sustainable Development, Sinopec Press. [in 

Chinese]. 

 

Silverstein, R. A. (2004). A Comparison of chemical pretreatment methods for converting 

cotton stalks to ethanol, Master‘s Thesis, Biological and Agricultural Engineering, North 

Carolina State University. 

 

Singhabhandhu, A. and Tezuka, T. (2010). Prospective framework for collection and 

exploitation of waste cooking oil as feedstock for energy conversion, Energy, Vol. 35, pp. 

1839–1847. 

 

Skourides, I., Theophilou, C., Loizides, M., Hood, P., and Smith, S.R. (2006). Optimisation of 

advanced technology for production of consistent auxiliary fuels from biodegradable 

municipal waste for industrial purposes, Waste 2006 –Sustainable Waste and Resource 

Management, 19–21 September, Stratford-upon-Avon, UK. 

 

Smets, K., Adriaensens, P., Reggers, G., Schreurs, S., Carleer, R., and  Yperman, J. (2011). 

Flash pyrolysis of rapeseed cake: Influence of temperature on the yield and the 

http://www.scopus.com/source/sourceInfo.url?sourceId=24563&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=24563&origin=recordpage
http://www.sekab.com/


76 

characteristics of the pyrolysis liquid, Journal of Analytical and Applied Pyrolysis, Vol. 90, pp 

118–125. 

 

Song, H., Starfelt, F., Daianova, L., and  Yan, J. (2010). Case Study of Drying Process 

Integrated into a Biomass-based Polygeneration System of Bioethanol, Power and Heat, The 

Second International Conference on Applied Energy (ICAE10), 20–23 April, Singapore. 

 

Sourie, J.C, and  Rozakis S. (2001). Bio-fuel production system in France: an Economic 

Analysis . Biomass and Bioenergy, Vol. 20, pp. 483– 489. 

 

Starfelt, F., Thorin, E., Dotzauer, E., and Yan J.(2010). Performance Evaluation of Adding 

Ethanol Production into an Existing Combined Heat and Power Plant, Bioresource 

Technology , Vol.101, pp. 613–618.  

 

Starfelt, F., Daianova, L., Yan, J., Thorin, E., and Dotzauer, E. (2009).Increased renewable 

electricity production in combined heat power plants by introducing ethanol production. The 

First International Conference on Applied Energy (ICAE09), 5–7 January, Hong Kong. 

 

Stroot, P.G., McMahon, K.D., Mackie, R.I., and Raskin, L. (2001). Anaerobic codigestion of 

municipal solid waste and biosolids under various mixing conditions––I. Digester 

performance , Water Resources, Vol. 35, No. 7, pp. 1804–1816. 

 

Suryawanshi, P. C., Chaudhari, A. B., and Kothari, R.M. (2010). Thermophilic anaerobic 

digestion: the best option for waste treatment, Critical Reviews in Biotechnology, Vol. 30, 

Issue 1, pp. 31-40. 

 

Svensk Växtkraft (2007). The Växtkraft project in Västerås 

 

Söderström, J., Galbe, M., Zacchi, G. (2005). Separate versus simultaneous saccharification 

and fermentation of two-step steam pre-treated softwood for ethanol production, Wood 

Chemistry and Technology, Vol. 25, pp. 187–202. 

 

Teagasc. (2010). http://www.teagasc.ie [last visited 2010/12/23]. 

 

Teixeira, L. C., Linden, J. C., Schroeder, H. A. (1999). Optimizing peracetic acid pretreatment 

conditions for improved simultaneous saccharification and co-fermentation (SSCF) of sugar 

cane bagasse to ethanol fuel, Renewable Energy, Vol. 16, pp. 1070–1073. 

 

Thorin,  E. , Lindmark, J. , Dahlquis,t E., Kastensson, E., Pettersson, C.-M., and Persson, P.-

E. (2010). Performance optimization of the Växtkraft biogas production plant – The use of 

membrane filtration, First International Conference on Applied Energy (ICAE09), January, 

Hong Kong. 

 

Tianguan group (2011). Information given at study visit at Nanyang biogas plant, 20 January, 

Henan province, China. 

http://www.teagasc.ie/


 
 
 
 

77 
 

 

Tomei, M. C., Braguglia, C. M., Cento, G. and Mininni, G. (2009). Modeling of Anaerobic 

Digestion of Sludge, Critical Reviews in Environmental Science and Technology, Vol. 39, pp. 

1003-1051. 

 

van Tubergen, J., Glorius, T. and Waeyenbergh, E. (2005). Classification of Solid Recovered 

Fuels, European Recovered Fuel Organisation, Brussels. 

 

Tucker, M. P., Kim, K. H., Newman, M. M., and Nguyen, Q. A. (2003). Effects of temperature 

and moisture on dilute-acid steam explosion pretreatment of corn stover and cellulase 

enzyme digestibility, Applied Biochemistry and Biotechnology, Vol. 105, pp.165–178.  

 

Tunesi, S. (2011). LCA of local strategies for energy recovery from waste in England, applied 

to a large municipal flow, Waste Management, Vol. 31 , pp. 561–571. 

 

Udomsri, S. (2011). Combined electricity production and thermally driven cooling from 

municipal solid waste, Doctoral Thesis in Energy Technology, TRITA KRV Report 11/02, 

Royal Institute of Technology, Stockholm, Sweden. 

 

Uldal, M., Andreas, L., and Lagerkvist, A. (2009). Optimerad gasproduktion med 

elektroporation, Report SGC 205. [in Swedish] 

 

UN-Energy (2007).  Sustainable bioenergy: A framework for decision makers. 

 

US EPA (1979). Process design Manual for Sludge Treatment and Disposal, EPA 625/1-79-

011, Cincinnati, Ohio. 

 

VanderGheynst, J.S., Gossett, J.M., and Walker, L.P. (1997). High-solids aerobic 

decomposition: pilot-scale reactor development and experimentation, Process Biochemistry, 

Vol. 32, pp. 361–375. 

 

Valleskog, M., Marbe, Å., and  Colmsjö L. (2008). System- och marknadsstudie för biometan 

(SNG) från biobränslen (System and market study for bio methane from bio fuels), Report 

SGC 185. [in Swedish] 

 

Vavilin, V.A. and Angelidaki, I. (2005).  Anaerobic degradation of solid material: Importance 

of initiation centers for methanogenesis, mixing intensity, and 2D distributed model. 

Biotechnology and Bioengineering, Vol. 89, pp. 113–122. 

 

Velis, C.A, Longhurst, P.J., Drew, G.H., Smith, R., and Pollard, S.J.T. (2009).  Biodrying for 

mechanical–biological treatment of wastes: A review of process science and engineering, 

Bioresource Technology, Vol. 100, pp. 2747–2761. 

 



78 

Wang, L. and Chen, H. (2011). Increased fermentability of enzymatically hydrolyzed steam-

exploded corn stover for butanol production by removal of fermentation inhibitors,  Process 

Biochemistry, Vol. 46, Issue 2, pp. 604-607.  

 

Weiland, P. (2010). Biogas production: current state and perspectives, Applied Microbiology 

and Biotechnology, Vol. 85, pp. 849–860. 

 

Weiler, C. and Grotefeld, V. (2010). Licensation, Design and Erection of the RDF-CHP Plant 

in Bernburg and Enhancement of MWIP, ISWA World Congress, 15-18 November, Hamburg.  

 

Willis, K. P., Osada, S., and Willerton, K. L.(2010).Plasma Gasification: Lessons Learned at 

Eco-Valley WTE Facility, Paper no. NAWTEC18-3515, 18th Annual North American Waste-

to-Energy Conference (NAWTEC18), May 11–13, Orlando, Florida, USA . 

 

Wyman, C. E. (1999). Biomass ethanol: technical progress, opportunities, and commercial 

challenges, Annual Review of Energy and the Environment, Vol. 24, pp. 189–226. 

 

Wyman, C.E, Spindler, D.D, and  Grohmann, K. (1992). Simultaneous saccharification and 

fermentation of several lignocellulosic feedstock to fuel ethanol, Biomass and Bioenergy, Vol. 

3, pp. 301–307.  

 

Xiao, G., Ni, M. J., Chi, Y., Jin, B. S., Xiao, R., Zhong, Z. P. , and Huang, Y. J. (2009). 

Gasification Characteristics of MSW and an ANN Prediction Model, Waste management, Vol. 

29, pp. 240-244. 

 

Yaman, S. (2003). Pyrolysis of biomass to produce fuels and chemical feedstocks, Energy 

Conversion and Management, Vol. 45, pp. 651–671. 

 

Zaher, U., Buffiere, P., Steyer, J. P., and Chen, S. (2009a). A Procedure to Estimate 

Proximate Analysis of Mixed Organic Wastes, Water Environment Research, Vol.81, pp.407-

415. 

 

Zaher, U., Li, R. P., Jeppsson, U., Steyer, J. P. and  Chen, S. L. (2009b). GISCOD: General 

Integrated Solid Waste Co-Digestion model, Water Research, Vol. 43, pp.2717-2727. 

 

Zhang, Y., Yan, L., Qiao, X., Chi, L., Niu, X., Mei, Z., and Zhang, Z. (2008). Integration of 

biological method and membrane technology in treating palm oil mill effluent, Journal of 

Environmental Sciences, Vol. 20, pp. 558–564. 

 

Zhang, Y. H. P. and Lynd, L. R. (2004).Toward an aggregated understanding of enzymatic 

hydrolysis of cellulose: noncomplexed cellulase systems, Biotechnology and Bioengineering 

Vol. 88, pp. 797–824. 

 

Zhenhong, Y. (2006).Bio-fuels industry in China: utilization of ethanol and biodiesel today 

and future, World biofuels symposium, Beijing, China. 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DWang,%2520Lan%26authorID%3D36612471900%26md5%3D40b7d8fff5a1e6d41f565c307abfd3c6&_acct=C000035198&_version=1&_userid=651553&md5=26016d2b0a337bba55e7e8f659441468
http://www.sciencedirect.com/science/journal/13595113
http://www.sciencedirect.com/science/journal/13595113
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235278%232011%23999539997%232833753%23FLA%23&_cdi=5278&_pubType=J&view=c&_auth=y&_acct=C000035198&_version=1&_urlVersion=0&_userid=651553&md5=a76df57db69e21b9ac8ad97f24e0a734
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ASMEDL&possible1=Willis%2C+Ken+P.&possible1zone=author&maxdisp=25&smode=strresults&pjournals=AMREAD%2CJAMCAV%2CJBENDY%2CJCNDDM%2CJCISB6%2CJDSMAA%2CJEPAE4%2CJERTD2%2CJETPEZ%2CJEMTA8%2CJFEGA4%2CJFCSAU%2CJHTRAO%2CJMSEFK%2CJMDEDB%2CJMDOA4%2CJMOEEX%2CJPVTAS%2CJSEEDO%2CJOTRE9%2CJOTUEI%2CJVACEK%2CJTSEBV&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ASMEDL&possible1=Osada%2C+Shinichi&possible1zone=author&maxdisp=25&smode=strresults&pjournals=AMREAD%2CJAMCAV%2CJBENDY%2CJCNDDM%2CJCISB6%2CJDSMAA%2CJEPAE4%2CJERTD2%2CJETPEZ%2CJEMTA8%2CJFEGA4%2CJFCSAU%2CJHTRAO%2CJMSEFK%2CJMDEDB%2CJMDOA4%2CJMOEEX%2CJPVTAS%2CJSEEDO%2CJOTRE9%2CJOTUEI%2CJVACEK%2CJTSEBV&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ASMEDL&possible1=Willerton%2C+Kevin+L.&possible1zone=author&maxdisp=25&smode=strresults&pjournals=AMREAD%2CJAMCAV%2CJBENDY%2CJCNDDM%2CJCISB6%2CJDSMAA%2CJEPAE4%2CJERTD2%2CJETPEZ%2CJEMTA8%2CJFEGA4%2CJFCSAU%2CJHTRAO%2CJMSEFK%2CJMDEDB%2CJMDOA4%2CJMOEEX%2CJPVTAS%2CJSEEDO%2CJOTRE9%2CJOTUEI%2CJVACEK%2CJTSEBV&aqs=true


 
 
 
 

79 
 

 

Zhou, J., Chen,Q., Zhao, H., Cao, X., Mei,Q., Luo, Z., and  Cen, K. (2009). Biomass–oxygen 

gasification in a high-temperature entrained-flow gasifier, Biotechnology Advances, Vol. 27, 

pp.  606–611. 

 

Xiao, G., Ni, M. J., Chi, Y., Jin, B. S., Xiao, R., Zhong, Z. P. and Huang, Y. J. (2009). 

Gasification Characteristics of Msw and an Ann Prediction Model, Waste management, Vol. 

29, pp. 240-244. 

 

Öhgren, K., Bura, R., Lesnicki, G., Saddler, J., and  Zacchi, G. A.(2007). Comparison between 

simultaneous saccharification and fermentation and separate hydrolysis and fermentation 

using steam-pre-treated corn stover, Process Biochemistry, Vol. 42, pp. 834–839. 

 

Önal,  E. P., Uzun, B. B., and Pütün, A. E. (2011). Steam pyrolysis of an industrial waste for 

bio-oil production, Fuel Processing Technology, Vol.92, pp. 879–885. 

 

 
 
 
 
 
 
  
 


