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List of abbreviations: 

Aromatic compounds: Cyclic compounds in which all ring atoms participate in a network of pi bonds, resulting in 

an unusual stability. Typical aromatic compounds are benzene and toluene 

Bio-based: A material made from substances derived from living (or once-living) organisms.  

Bio-refining: A process of refining products from biomass similar to a petroleum refinery process. 

C3 plants: C3 plants flourish in cool, wet, and cloudy climates, where light levels may be low, because the metabolic 

pathway is more energy efficient, and if water is plentiful, the stomata can stay open and let in more carbon dioxide. 

However, carbon losses through photorespiration are high.  

C4 plants: C4 plants, which inhabit hot, dry environments, have very high water-use efficiency, so that there can be 

up to twice as much photosynthesis per gram of water as in C3 plants, but C4 metabolism is inefficient in shady or 

cool environments.  

Catalytic processes: A process using a catalyst to increase the rate of a chemical reaction, the catalyst is not 

consumed and can often be reused.  

Cellulose: an organic compound with the formula (C6H10O5)n, a polysaccharide consisting of a linear chain of 

several hundred to over ten thousand Ǡ(1ɸ4) linked D-glucose units.  

De-carboxylation: a chemical reaction that removes a carboxyl group from a molecule and releases carbon 

dioxide (CO2).  

De-hydrogenation: A chemical reaction that involves the removal of hydrogen from a molecule. 

De-oxygenation:  a chemical reaction involving the removal of molecular oxygen (O2) from a reaction mixture or 

solvent, or the removal of oxygen atoms from a molecule. 

Enzymes:  Large biological molecules which act as catalysts for accelerating both the rate and specificity of 

metabolic reactions, from the digestion of food to the synthesis of DNA.  

Esters: A functional group produced from the condensation of an alcohol with a carboxylic acid. They are 

characterized by a carbon bound to three other atoms: a single bond to a carbon, a double bond to an oxygen, and a 

single bond to an oxygen. 

Etherification : The process of making an ether by the removal of alcohols from products by reacting it 

with sulfuric acid.  

Fermentation: The conversion of sugar to acids, gases and/or alcohol using yeast or bacteria.  

First generation sources: Sugars derived from food crops e.g. sugar cane, corn, wheat, and sugar beet which are 

used for the production of biofuels.   

FischerðTropsch synthesis: A collection of chemical reactions that converts a mixture of carbon 

monoxide and hydrogen into liquid hydrocarbons.  

Glucose:  An organic compound of simple monosaccharide found in plants which has the following molecular 

formula C6H12O6. Glucose is a C6 sugar mainly used as a raw material for ethanol production.   

Hemi -cellulose: An organic compound of several heteropolymers containing many different sugar monomers 

including xylan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan.  

Hydrolysis: The cleavage of chemical bonds with the use of water as a reaction medium.  

http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Catalysis
http://en.wiktionary.org/wiki/ether
http://en.wiktionary.org/wiki/alcohol
http://en.wiktionary.org/wiki/sulfuric_acid
http://en.wikipedia.org/wiki/Sugar
http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Yeast
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/Monosaccharide
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Ionic liquid:   A salt in liquid state largely made of ions and short-lived ion pairs.  

Lignin:  A complex organic compound forming an integral part of the secondary cell walls of plants.  

Lignocellulosic biomass: plant matter composed of cellulose, hemicellulose, and lignin 

Lipids:  A group of naturally occurring molecules that include fats, waxes, sterols, fat-soluble vitamins, 

monoglycerides, diglycerides, triglycerides, phospholipids, and others. The main biological functions of lipids include 

energy storage, signaling, and acting as structural components of cell membranes. 

Methane: A chemical compound with the chemical formula CH4 which is the simplest alkane and the main 

component of natural gas. 

Monomers: A molecule that may bind chemically to other molecules to form a polymer e.g. a natural monomer 

is glucose which can bind into polymers such as cellulose  

Niche market: A small but profitable segment of a market suitable for focused attention. Market niches do not exist 

by themselves, but are created by identifying needs or wants that are not being addressed by competitors, and by 

offering products that satisfy them.  

NO x emissions: A generic term for mono-nitrogen oxides NO and NO2 (nitric oxide and nitrogen dioxide) 

emissions.   

Oleo chemicals: chemicals derived from plant oils or animal fats 

Pectic substances: Structural heteropolysaccharide contained in the primary cell walls of terrestrial plants.  

PJ: Peta-joules which is equal to 1015 joules.  

Second generation sources: Biomass derived from lignocellulosic plant matter e.g. residues or dedicated energy 

crops such as grasses and short rotation coppice.   

Short rotation coppice: Woody biomass cultivated for energy using coppice land management wherein the biomass 

is harvested above the stems and roots so the plants regenerate from the stems in the following years.  

SNM: Strategic Niche Management  

Super-critical fluids: Any substance at a temperature and pressure above its critical point, where distinct liquid and 

gas phases do not exist. 

Syngas: Also called synthesis gas, is a fuel gas mixture consisting primarily of hydrogen, carbon monoxide, and very 

often some carbon dioxide.  It has a lower energy density than natural gas. 

Third generation sources: Biomass used for biofuel production derived from advanced sources such as algae, 

bacteria, duckweed or seaweeds.      

Transesterification: A reaction between an ester of one alcohol and a second alcohol to form an ester of the 

second alcohol and an alcohol from the original ester.  

Triglyceride:  An ester derived from glycerol and three fatty acids. Saturated compounds are saturated with 

hydrogen. Unsaturated compounds have double bonds (C=C) between carbon atoms, reducing the number of places 

where hydrogen atoms can bond to carbon atoms.  

US-DOE: United States Department of Energy 

Xylose: An organic compound with the molecular formula C5H10O5, a monosaccharide of the aldopentose type 

containing five carbon atoms and formyl functional group. 
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Management summary 

The demand for resources and energy has been continuously increasing over the past centuries. Fossil 

fuels are the main source of energy driving the growth but this dependence is leading to urgent problems 

e.g. climate change. There is now a general consensus that the economy should move to a more 

sustainable direction. Biomass is seen as an important alternative energy source and has received much 

attention over the past decade. The intensified research into the utilization of biomass has led to a large 

array of technological solutions. This research is conducted for the Arbor project which aims to accelerate 

the sustainable use of biomass in North Western (NW-) Europe. The project is in need of an inventory of 

the innovations able to develop the biomass potential of Europe (chapter one). The theoretical 

background for the study is the concept of Strategic Niche Management (SNM) which has been proposed 

as instrument for accelerating the adaptation of sustainable technologies. It is suggested as a method to 

escape from a so called ôlock-inõ within a certain technological system by stimulating the development of 

alternative technologies (chapter two). The perspective of SNM is used to analyze the utility of biomass 

technologies. There are two main research tools used to identify the most promising niches in the field of 

biomass utilization. A systematic review will be performed to identify 1) the bioenergy crops suited for 

NW-Europe 2) promising biomass conversion technologies and 3) possible target chemicals for bio-

refining. Additionally, the methodology of a PESTEL (Political, Economic, Social, Technological, 

Environmental and Legal) analysis is used to identify the trends in the macro environment which affect 

the implementation of biomass technologies (chapter three). The two streams of research will be used to 

draw conclusions about the most favorable technological pathways for NW-Europe.  

Biomass is often categorized in first, second and third generation biomass sources. First generation 

sources refer to food-crops such as maize, sugar cane and rapeseed, these crops are currently the main 

source of bio-fuels. Yet, the crops are generally grown via intensive agriculture and the greenhouse gas 

emission savings achieved by these fuels appears to be limited in most cases. Second and third generation 

sources are considered to be more sustainable sources of biomass. Second generation sources refers to 

lignocellulose biomass which is plant matter composed out of three main components cellulose, 

hemicellulose and lignin. The biomass can be collected from residue streams e.g. forest and agricultural 

residues or can be derived from dedicated energy crops such as Willow, Switchgrass and Miscanthus. 

Residue streams are currently an important source of energy for Europe e.g. via the co-firing of biomass 

in coal power plants. However, the available amounts of residues are not expected to increase significantly 

in the future. Dedicated energy crops are needed to considerably increase the sustainability of the energy 

supply in Europe via the utilization of biomass. Willow, Switchgrass and Miscanthus are second 

generation biomass sources suited for Northern Europe. The crops are able to achieve relative high yield 

with low levels of input. However, the processing techniques to derive liquid fuels and chemicals from 

these sources are currently not commercially available. Third generation sources such as algae and bacteria 

are able to achieve the highest yields of all sources of biomass. They are a potent biomass source for large 

scale bioenergy production but many improvements are still needed to make their production 

commercially viable. Waste streams are currently the most cost-effective source of biomass and can be 

used to increase the level of biomass utilization in Northern Europe (chapter four).  

Second generation sources are seen as an important future source of renewable energy by the European 

Union. Yet, lignocellulose biomass is much more difficult to process than first generation sources. Pre-

treatment is required to make the biomass suited for conversion. Thermal conversion techniques require 

only limited pre-treatment. Chopped biomass can directly be used in gasification and pyrolysis techniques 

(moister content below 20%) or combusted to generated electricity (moister content below 50%). 

Additional pretreatment processes such as pelletisation or torrefaction can be applied to increase the 

efficiency of the thermal conversion process as well as to improve the storage properties of the biomass. 
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More extensive pretreatment processes are needed to allow lignocellulose biomass to be processed via 

biological transformation. The (hemi)cellulose contained in the biomass needs to undergo a hydrolysis 

process to transform the molecules into fermentable sugars. An additional pretreatment step is needed to 

make the (hemi)cellulose molecules accessible for the chemical (acid) or biological (enzymes) hydrolysis 

process. There are three main categories of pretreatment technologies available to make biomass suited 

for a hydrolysis process i.e. physico-chemical, chemical and biological treatment (Menon and Rao, 2012). 

An important aspect in the pretreatment process is the separation of lignin from the biomass because it 

increases the efficiency of the fermentation process. The diluted acid and steam-explosion processes are 

well-developed concepts and good candidates for biomass pretreatment. Advanced processes such as the 

use of ionic liquids, biological or pulsed-electricfield (PEF) pretreatment are also being developed. 

However, none of the pre-treatment processes is currently commercially available; this is a major barrier 

for the implementation of second generation biomass sources (chapter five). 

The conversion of biomass into higher value products such as liquid fuels and chemicals can be achieved 

via three main mechanisms i.e. chemical, thermal and biological conversion. An important aspect in choice 

of conversion technology is the chemical composition of the original feedstock and the intended product 

application. Biological conversion methods are mainly used for the production of ethanol whereas thermal 

conversion methods are able to produce a wider range of products. The economic viability of the 

biological transformation of second generation sources is currently hindered by a lack of microbes able to 

ferment non-glucose sugars into ethanol as well as the lack of effective pretreatment methods. Thermal 

conversion i.e. pyrolysis and gasification are presently the main conversion methods for second generation 

biomass sources e.g. agricultural residues or Switchgrass. However, the products produced via the thermal 

conversion methods are of low quality and needs to be upgraded to allow wider use. This is a major 

challenge for the large scale implementation of thermal conversion technologies since bio-oil and syngas 

upgrading technologies are currently not commercially available. The greatest potential to reduce the 

processing cost of second generation biomass sources can be found in biological transformation 

technologies. Yet, due to the different end products produced by the conversion technologies it is likely 

that a range of technologies will be commercialized targeting different segments of the current 

petrochemical market (chapter six).    

Biomass can serve as a raw material for energy but can also be used to derive bio-chemicals. There are 

more than 300 chemical compounds which potentially could be produced from biomass. The bio-

chemical industry is still in its infancy and has not yet been able to identify the most cost-effective bio-

chemicals to produce. The technologies to make bio-chemicals are still developing which makes it difficult 

to predict which compounds will become the most popular. Some bio-chemicals can be directly separated 

out of biomass but most compounds are produced via the biological, chemical or thermal-catalytic 

modification of seed oils, animal fats, sugars, glycerol or ethanol. The production of ethylene from ethanol 

is a well advanced process and is commercially developed in regions with a large ethanol industry e.g. 

Brazil. Glycerol is the main byproduct of biodiesel production from seed oils and a relative low cost raw 

material for a range of bio-chemical products. The potential of the bio-chemical compounds: lactic acid, 

succinic acid, levulinic acid, 5-HMF, furfural, sorbitol and xylitol are also discussed. The development of 

bio-chemical industry can be an important step for the biofuel sector. The sale of higher value chemical 

compounds can increase the economic viability of biomass refineries. The lack of feedstock and cost 

effective conversion technologies currently limits the development of a large scale bio-chemical industry. 

The most viable short term strategy is to convert biomass into higher value functional products such as 

food additives, cosmetics, lubricants etc. for which there are no petrochemical alternatives (chapter seven).  

The PESTEL analysis framework serves as a basis for identifying the macro environmental factors which 

influence the patterns of innovation within the biomass sector. The biofuel sector in Europe would not 

have existed without the financial support of governments. Bio-fuels offer a politically stable alternative 
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energy sources for the transportation sector. Yet, the effects of stimulating biofuels on energy security, 

economic development and greenhouse gas emissions reductions appear to be limited. The opportunity 

costs of biofuels policies are increasingly scrutinized under pressure from organizations and individuals as 

well as the current economic downturn. Furthermore, international competition is making it more difficult 

for famers in Northern Europe to be competitive in the biofuel market. The greatest potential for biofuel 

production can be found in tropical regions. The favorable climatic combined with cheap lands and low 

cost labor makes them very suitable for biofuel production. Wind and solar power are vastly becoming 

more cost competitive but sunk cost make a quick replacement of the currently infrastructure difficult. 

The co-firing of biomass for electricity production is likely to remain a cost competitive source of 

renewable energy for some time. The Renewable Energy Directive 2009/28/EC of the European Union 

obligates member states to increase the use of sustainable energy to 20% by 2020 with at least 10% 

renewable energy in the transportation sector. Liquid fuels are important market for clean energy since 

they have the advantage of being compatible with the current infrastructure. Hydrogen fuel cell or electric 

cars provide a more radical departure from the current transportation system but are much harder to 

implement widely. Biofuels are a proven technology and an alternative source of liquid fuels which can be 

implemented on a relative short time scale (chapter eight). 

Strategic Niche Management (SNM) provided the theoretical background for the study. From the 

perspective of SNM second generation sources are mostly an incremental innovation compared to first 

generation sources. The technological opportunities are moderate, the sector is heavily dependent on the 

support of governments and the environmental benefits are relatively small (paragraph 8.7). Numerous 

innovations and support policies are still needed to make large scale energy production from dedicated 

energy crops economically viable. From the perspective of SNM, the development of agricultural based 

biofuels cannot be considered an effective policy for steering the economy into a more sustainable 

direction. Projects based on the use of waste streams or agricultural residues do meet the criteria of SNM. 

Using waste streams as a feedstock does not compete with food production, has low feedstock costs, can 

deliver clear environmental benefits and can be used as a means to deal with waste. The production of 

bio-chemical e.g. from residues streams or dedicated crops is also a niche market able to meet the criteria 

of SNM. The bio-chemical production is still in its infancy and there are major technological opportunities 

for improving production methods. Focusing on bio-chemical production in NW-Europe is a sensible 

strategy since the lower biomass yields in Northern Europe will make it difficult for large scale bioenergy 

production to become competitive. The multiple technological pathways which can be explored to derive 

bio-chemicals make it possible to create a diverse portfolio of solutions. This help to create the variation 

and selection pressures needed for effective SNM. Novel third generation sources e.g. algae or duckweed 

are also eligible for support from the perspective of SNM. They hold great promise for increasing the 

sustainability of liquid fuels, have great learning opportunities and are well aligned with needs and values 

present in society. It can be concluded that support policies should not be aimed at the agricultural based 

bioenergy but at developing more radical alternative energy technologies. The bio-chemical sector and the 

use of waste streams do have good potential in a NW-European context and are well suited for SNM 

policies (Chapter nine).       
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Chapter 1 ð Research context 

1.1 Introduction  

The demand for resources and energy has been continuously increasing over the past centuries. The 

two main drivers of the increased demand for natural resources have been the industrialization of the 

world economy and the rise of the human population during the last century (Demirbas, 2009). Plants and 

animals were the most important sources of energy before the industrial revolution. Fossil fuels are 

currently the main source of energy but this dependence is leading to urgent problems. The burning of 

fast amounts of fossil fuels is increasing the concentration of CO2 in the atmosphere causing a shift in the 

global climate (IPCC, 2007). Furthermore, the major reserves of fossil fuels are concentered in politically 

unstable areas and the depletion of the resources is posing a threat to economic stability. If the current oil 

consumption rates are maintained then supply will become severely limited during the coming decades 

(Zhang, 2008). There is now a general consensus that the economy should move to a more sustainable 

direction (UN, 2012). This will require significant changes in the way in which industrial society use 

natural resources. However, many of the more environmentally friendly methods of production, such as 

renewable energy, have difficulty competing with conventional production processes. The additional costs 

of more sustainable production cycles makes large scale implementation of these technologies difficult 

(IPCC, 2011).puge n 

This research will analyze the possibilities for the utilization of biomass to provide industrial 

resources. The utilization of biomass has received much attention over the past decade. Researchers, 

companies and governments e.g. EU 2005 and SER 2010 have intensified the research into the use of 

biomass. This has led to a large array of technological solutions and potential uses of biomass. Numerous 

papers, articles, books and policy documents have been written concerning the use of biomass (e.g. Tabak 

2009, Octave and Thomas 2009, Taheripour et al. 2009, IEA 2011).  However, many of these documents 

focus on a single aspect like biofuels and do not provide an in-depth account on alternative uses or neglect 

the environmental effectiveness of the technologies. Furthermore, the bias towards certain solutions can 

have an effect on the outcome of the study or policy decision (Briner and Denyer, 2010). It is therefore 

difficult to decide which of the solutions are the most favourable. This research aims to make a systematic 

analysis of the relevant literature to assist decision makers with the developing policies for this highly 

complex field.  

The research is specifically conducted for the Arbor project which aims to accelerate the 

development of the sustainable use of biomass in North Western Europe (NW-Europe). It involves 

organizations from the UK, Ireland, Germany, Luxembourg, the Netherlands and Belgium. The project 

intents to foster knowledge transfer between NW-European regions and reduce the barriers for the 

implementation of technologies transforming biomass into useful products (Arbor, 2012). The University 

of Wageningen is asked to work on a ´innovation watch´ to be able to track the system, process and 

product innovations that are known, expected and desired. The project is in need of an inventory of the 

innovations able to develop the biomass potential of Europe in a sustainable manner. The Arbor project is 

intends to provide useful intelligence to policy makers to help them develop plans for the sustainable 

utilization of biomass in NW-Europe. The objective of the research is summarized in the following 

statement: òTo contribute to the development of effective policies for biomass utilization in NW-Europe by providing an 

inventory of the current and future innovation for biomass utilization based on a systemic review of the literature.ó  

The theoretical background for the study is the concept of Strategic Niche Management (SNM) 

which has been proposed as instrument for accelerating the adaptation of sustainable technologies. The 

main premise is that novel technologies tend to be developed first on a small scale in so called niches. 

SNM proposes that these niches need to be shielded from market pressures in order to give the 

technology time to mature. The utility of the biomass technologies will be analyzed from the perspective 

of SNM. The research will use two tools to identify the most promising niches in the field of biomass 

utilization. First a systematic review will be made of the possible biomass conversion technologies and 
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sources of biomass in NW-Europe. Secondly, the PESTEL analysis will identify the trends in the macro 

environment which can have an effect on the implementation of biomass utilization technologies. The 

two streams of research will be used to draw conclusions about the most favorable technological pathways 

for biomass utilization in NW-Europe. Figure 1.1 depicts the research framework used for the study. A 

research framework is a schematic representation of the steps needed to achieve the objective of the 

research (Verschuren and Doorewaard, 2010). The first part of the research framework represents the 

steps needed to perform a systematic review of the literature. The second part of the research framework 

depicted the PESTEL analysis conducted for the research.   

 

Figure 1.1: Research framework 

 
 

The review will start with an analysis of the possible sources of biomass in NW-Europe. This will 

be followed by an analysis of the major industrial applications of biomass i.e. bio-energy and the 

production of chemicals. The technological progress and economic competiveness of the methods used to 

produce these products will be assessed. The second part of the research will be a PESTEL (Political, 

Economic, Social, Technological, Environmental and Legal) analysis of the external macro environment 

of biomass innovations. The results will be combined to identify those biomass innovations which have 

the potential to make the energy and chemical production in NW-Europe significantly more sustainable. 

The central research question for this study is: òWhat is the most effective strategy to increase the sustainability of 

energy and chemical production in North-Western Europe via the utilization of biomassó? The question will be 

answered via the following sub-research questions (1) Based on a systemic review of the literature what are the most 

favourable technologies for biomass utilization in terms of sustainability, costs and possible sources of revenue? (2) Based on a 

PESTEL analysis for biomass utilization in NW-Europe, which external macro developments are likely to affect the 

implementation of biomass utilization technologies? (3) Based on the results of sub research question 1 and 2, what are the 

most favourable socio-technical trajectories for the utilization of the biomass potential in NW-Europe?  
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1.2 Biomass as a sustainable resource  

Multiple alternative forms of alternative energy production methods are currently being developed 

e.g. solar and wind energy. Biomass however is the only sustainable source of energy which is able to 

produce electricity, liquid fuels as well as the raw materials for the chemical industry. Biomass is a 

renewable resource and seen as carbon neutral because during the growth of plant matter organisms 

absorb CO2. The combustion of the organic matter leads to the same CO2 emissions as when the material 

is degraded by natural processes1. This means no additional CO2 is released into the atmosphere. 

Furthermore, the feedstock is distributed relatively evenly throughout the world and the development of 

biomass production chains can provide a boost to rural economies (Dapsens et al., 2012). For these 

reasons the utilization of biomass has received much attention from national and international 

governmental organizations (e.g. LNV 2007, EU 2012, US-DOE 2012). The term bio-based economy is 

often used to describe a future based on the manipulation of natural process to provide industrial 

resources (e.g. Octave and Thomas 2009, Dapsens, 2012). The carbon molecules extracted from plants 

have the potential to substitute many of the products now derived from fossil fuel resources. The concept 

of bio-refineries, analogous to petrochemical refineries, is used to describe the production facilities for 

fuels and chemicals derided from a biomass feedstock (e.g Kamm and Kamm 2004).  

In Europe the bio-refining sector is still in its infancy and there is much uncertainty about the best 

strategy to follow. A large array of potential biomass feed stocks and processing technologies are currently 

being researched. In the Americas, the processing of biomass, most notably sugarcane in Brazil and corn 

in the USA, into ethanol is already taking place on a large scale. In 2011 the total production of ethanol 

for north- and south-America was around 75 billion liters2. However, the use of dedicated energy crops 

which have traditionally been used to produce food is cause for concern. The social sustainability of the 

ethanol production methods is called into question; is it ethical to fill up our cars with a fuel derived from 

food while still many people die of hunger every day? There is little enthusiasm for these so called ôfirst 

generationõ bio-fuels in Asia and Europe where the population densities are much higher (Ghatak, 2011). 

Furthermore, since fossil fuel energy is needed to cultivate, harvest and process the crops the net 

environmental benefits of the fuels are not easily determined (Gnansounou et al., 2009). Moreover, 

cultivating e.g. palm oil in Malaysia on converted rainforest might actually increase the amount of CO2 in 

atmosphere (Ghatak, 2011).  

The global demand for biofuels has more than tripled since 2000 largely due to governmental 

support programs (Sims et al. 2008, Urbanchuk 2012). In Europe the most notable biofuel is the biodiesel 

produced from rapeseed oil in Germany. The governmental support program is large driven by concerns 

over the security of the energy supply, a reduction of energy imports, support for rural economies and 

potential environmental benefits of the fuels. However, the first generation biofuels have been an 

expensive method of increasing energy security, provide only limited CO2 emissions savings, can increase 

global food prices and can have negative environmental consequence such as deforestation or water 

depletion. These concerns place limits on the implementation of these technological options in a 

European context (Sims et al., 2008).  

The cumulative concerns over ôfirst generationõ biofuels have increased the interest in the 

development of biofuels from other sources. Research is now focusing on ôsecond generationõ i.e. 

agricultural residues and woody biomass and ôthird generationõ i.e. aquatic biomass resources for the 

production of fuels and chemicals (Ghatak, 2011). The most ideal source of biomass is currently to utilize 

the existing waste streams so that the production of fuel and chemicals does not compete with agricultural 

lands. However, in many regions these supplies will not be sufficient to meet the demand for large scale 

production (Bentsen and Felby, 2012). The use of non-food crops, i.e. not containing easily accessible 

sugars or oil and with much higher yields per acre, will be needed in order to make a significant difference. 

These still compete with arable land for food production but it can greatly reduce the concerns over food 

                                                           
1 http://www.agentschapnl.nl/onderwerp/bio-energie 
2 http://ethanolrfa.org/pages/World-Fuel-Ethanol-Production 
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security depending on the productivity of the crops. However, lignocellulosic biomass i.e. plant matter 

composed of cellulose, hemicellulose, and lignin, is much more difficult to process than the sugar and oils 

derived from food crops. Usually there are more intermediated steps required to produce a useful product 

from the lignocellulosic biomass making it more costly and technologically challenging (Sims et al., 2008). 

A multitude of different conversion methods are currently being researched. The biomass can be 

processed via the use of physical/thermal methods like pyrolysis, with the use of microorganisms, with 

chemical treatment or by a combination of these methods (Demirbas, 2009). 

Currently the second generation biofuels are not competitive and there is no clear technological 

or commercially preferred route to process second generation biomass into useful products (Sims et al., 

2008). There is still a large technological gap between refining oil based hydrocarbon and the refining of 

hydrocarbons derived from biomass due to the focus on oil based hydrocarbons during the past century. 

One important aspect of the future economic viability of bio-refineries will be there ability to coproduce 

multiple products. Biofuels are a high volume but low value product making refineries focused exclusively 

on fuels less cost effective. Refineries focused on the production of chemicals could be more profitable 

but these will not be able to deliver large energy savings and CO2 reductions. Since bio-refinery projects 

are largely depended on governmental support, who are also interested in energy security and CO2 

reductions, a combination of biofuel and chemical production seem to be the most favorable route to 

follow in Europe (Bozell, 2008). The major implementation of these technologies will take at least another 

decade (Sims et al., 2008).  

The implementation of third generation bio-fuels will also take at least another decade. Although 

there is currently much interest in this field, a lot of research still needs to be done to be able to produce 

fuels and chemical from micro-organisms like algae on a commercially viable scale (Venter 2012, Daroch 

et al., 2013). Biomass holds a great potential as a sustainable source of fuel and chemicals but major 

investments are needed in order to lay the ground work for a future bio-based economy (Sims et al., 2008). 

However, due to the high uncertainty within the field and the large array of possible technological 

solutions under development it is difficult for decision makers to develop effective policies in regard to 

biomass utilization. It is therefore important for policy makers to continuously track the developments in 

the field to be able to make decisions based on the latest insights and technological developments.      

1.3  Concluding remarks 

Alternative energy sources are required in order to provide future generations with the energy 

needed to live a prosperous life. Biomass is seen as an important natural resource for the future energy 

supply because it can be used to produce electricity, heat, liquid fuels as well as provide the raw materials 

for the chemical industry. Potential sources of biomass are usually classified as ôfirst generationõ, ôsecond 

generationõ or ôthird generationõ sources. First generation biomass is biomass obtained from dedicated 

food crops such as sugar cane or corn. There has been a lot of criticism on these sources of biomass due 

to their impact on food prices and relative low environmental benefits. Within the European Union the 

focus has therefore shifted to ôsecond generationõ i.e. woody biomass and waste streams and ôthird 

generationõ i.e. marine sources of biomass resources. Furthermore, the EU developed sustainability criteria 

in order to guarantee that biofuel are produced in a socially and environmentally responsible way. There 

are a number of technologies currently under development able to provide a renewable source of biofuels 

and chemicals. However, many of the second and third generation biofuel refining technologies are still in 

the development phase and not yet able to compete within the market. There is no clear front runner yet 

in biomass processing. The sustainable biomass technologies can be implemented faster if the R & D 

developments are closely aligned with governmental support policies. The Arbor project attributes to 

bridging this gap by providing decision makers with up to date knowledge about the current state of 

affairs in the field of biomass utilization. This research intends to contribute to the Arbor project by 

providing an overview of biomass sources and processing techniques and by identifying the chemical 

products which could be derived from biomass.   
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In the following chapter theoretical background of the research context will be discussed in 

further detail. Theoretical perspectives on innovation are discussed as well as the intervention strategy of 

proposed by SNM. Chapter three will discuss the methodological approaches of a systematic review and a 

PESTEL analysis. The research protocol will also be presented. In chapter five a systematic review of the 

possible sources biomass in NW-Europe is presented. The available pretreatment technologies for 

biomass are discussed in chapter six. Chapter seven provides an overview of possible conversion 

technologies for biomass. Possible bio-chemical products are presented in chapter eight. The chapter will 

all conclude with a discussion on the most favourable technologies for each stage in the product chain. 

The PESTEL analysis is presented in chapter nine and will form the basis for answering the second sub-

research question. The chapter will conclude with a synthesis of the results of the literature review and the 

PESTEL analysis to answer the third research question. The results will also be related to the theoretical 

background of the study to determine if SNM can be applied to the biofuel sector. In the final chapter of 

the research the main research question will be addressed and a conclusion will be drawn on possible 

biomass utilization strategies for NW-Europe.  
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Chapter 2 ð Theoretical background 

Innovation is one of the main drivers of economic progress and an important factor for the successful 

implementation of more sustainable production methods (Schot and Geels, 2008). The drivers of 

innovation have been researched by scholars of management studies for several decades. Multiple 

frameworks, e.g. competitive forces and dynamic capabilities or resources approaches, have been 

proposed to conceptualize the ability of firms to gain a competitive advantage based on their technological 

capabilities (Teece et al., 1997). Innovation has now also become an essential element in public policy 

making due to the broadly supported recognition that the economy should move to a more sustainable 

direction (UN, 2012). However, the frameworks used to analyze the innovative capacity of single firms are 

less relevant for those who aim to accelerate the large scale introduction of alternative production 

methods. To develop effective innovation policies the dynamics of innovation have to be analyzed from a 

broader societal perspective. This chapter will first discuss the patterns of innovation identified by 

scholars which can explain why the large scale introduction of sustainable production methods is so 

difficult. In the following section Strategic Niche Management (SNM) will be introduced. It has been 

proposed as a policy instrument to accelerate the introduction of sustainable production methods. The 

chapter will end with some concluding remarks about innovation and the need to implement SNM 

policies.      

2.1  Patterns of technological innovation   

The study into innovation, i.e. why some technologies succeed and others fail to catch on, can be 

divided in two broad schools of thought, the economist and sociologist perspectives. The approaches 

differ in the sense that economists tend to concentrate on economic factors while sociologists emphasize 

the social forces that shape technological change. The focus of this research will be on the theories which 

explain innovations patterns on the basis of social interactions rather than economic logic or pure 

engineering. The economic perspective on technological change is mainly based on neo-classical thinking. 

The most important assumption is that technological innovation is steered by the demand and supply of 

the market. The core assumptions are that a) agents are rational and aimed at profit maximization b) 

markets attain or move to equilibrium states and c) information needed to make decisions is always 

available (Bruun and Hukkinen, 2003). However, it is argued that this model is too simplistic as studies 

have shown that people often make decisions which are not rational from a purely economic perspective 

(Kahneman, 2011). Furthermore, it is suggested that agents do not have perfect knowledge about the 

market and tend to rely on existing heuristics and routines. 

Evolutionary Economics (EE) was developed in response to the criticism and recognizes that 

decision makers do not possess perfect knowledge (Bruun and Hukkinen, 2003). As with Darwinian 

evolution it is argued that technology develops in a cumulative matter, wherein unsuccessful designs are 

abandoned, in response to certain variation and selection pressures (Bruun and Hukkinen 2003, Raven 

2005). Technological change is not considered to be completely random because innovation tends to 

cluster around certain problems and solutions i.e. technological paradigms. This restricts the imagination 

possibilities or creative processes of organizations and can lead to the development of standardized 

technological trajectories (Dosi, 1982). Nelson and Winter introduced the closely related concept of 

ôtechnological regimesõ to conceptualize the cognitions of technicians, engineers, scientists and decision-

makers which determine what kind of innovations are developed (Kemp et al., 1998). The alignment of 

cognitions around certain technologies can limit the ability of actors to consider the development of 

alternative solutions.   

Two of the patterns of innovation distinguished by Schumpeter are instructive for understanding 

how such a technological paradigm or regime can emerge. The first is the pattern of ´creative destruction´ 

whereby new firms introduce new ideas and innovations which are able to attract a significant market 

share, a process referred to as widening. The second and most common pattern of innovation is referred 
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to as deepening in which incumbent firms are mostly oriented to process innovations (Breschi et al., 2000). 

During the process of deepening organizations become increasing static because the production processes 

are standardized and technological progress slows over time. Production costs are reduced whereby larger 

firms gain a significant competitive advantage i.e. economies of scale (Utterback and Suhez, 1991). The 

accumulation of resources in large firms and their ability to continuously innovate production processes 

makes it increasingly difficult for new firms to enter the market. The routines of the dominant actors act 

as a powerful barrier for new players to enter the market (Breschi et al., 2000). Societies can become 

ôlocked-inõ in sub-optimal technological trajectories because incumbent firm have huge advantages e.g. 

political strength, knowledge networks, financing and institutional alignment over new technologies (Elzen 

and Wieczorek, 2005). Large scale technological systems e.g. the energy sector tend to change slowly 

because the main focus is on incremental innovation and furthermore there are entry barriers which shield 

the market from radical innovations (Weber and Rohracher, 2012). 

Radical innovations incorporate a substantial different technology that can provide a higher 

consumer benefits than previous products. Usually these technologies diffuse slowly at first or fail to catch 

on entirely due to problems with implementation and institutional alignment (Raven and Verbong, 2007). 

Incumbent firms are thought to be reluctant to introduce radical innovations for three main reasons 1) the 

perceived incentive is lower for incumbent firms because a radical innovation could jeopardize the profits 

made on the exciting product base 2) organizational filters are in place that focus the attention on 

maximizing the utility of existing technologies 3) the organizational routines are geared towards 

incremental innovations since radical innovations are difficult, costly and risky (Chandy and Tellis, 2000). 

It is suggested that large firms are more prone to inertia due to their greater level of bureaucracy which 

makes them slow to react to radically new products.  

On the other hand, incumbent firms also have better opportunities to develop radical 

innovations. They have greater knowledge about consumers and people are more willing to accepted 

radical innovations from established firms. The firms have a greater market power, better distributions 

channels and are less vulnerable to the failure of a single R&D project. Since the Second World War the 

number of radical innovations from major incumbent firms has increased and they are now more likely to 

introduce radical innovations than small firms. The main reason for this is that products are becoming 

more complex and their development requires large R&D expenditures (Chandy and Tellis, 2000). To 

develop the technologies needed to build a more sustainable economy both large and smaller firms will 

need to pursue the development of radical innovations. 

From a sociologist perspective innovation is not the result of an economic rational but emerges 

from societal preferences. The Social Construction of Technology (SCOT) argues that technological change is 

the result of a social processes rather than a technological or economic logic (Bruun and Hukkinen, 2003). 

Initially people view the utility of artifacts, e.g. a product or service, in many different ways which leads to 

multiple interpretations of its use. However, when one or a combination of interpretations becomes 

dominant, controversies about the design fade away. Stabilization occurs and a ôtechnological frameõ 

develops in which meaning is attributed to a certain technology. The nature of technological change 

depends on the technological frames which surround the technology. If no single frame is dominant than 

problems are addressed in an unbiased way and there is more room for radical innovation. However, in 

the presence of a dominant technological frame innovation tend to follow existing patterns of thinking 

(Bruun and Hukkinen, 2003). The notions of technological paradigm, technological frame and the concept 

of technological regimes can explain why social-technical systems tend to change slowly (Breschi et al., 

2000, Lovell 2007, Nill and Kemp 2009). 

Specific technological pathways emerge because firms engage in a cumulative process of 

innovation and social preferences are aligned to their technologies. Engineers determine what is feasible 

so they are more likely to innovate on technologies that are related to their own activities (Raven 2005, 

Leten et al. 2010.) Firms in top positions have means to continuously improve their production processes 

and develop their competitive advantage, especially when the intellectual property is well protected 
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(Breschi et al., 2000). Incumbent firms also have an incentive to raise entry barriers for new competitors. 

For instance, patent strategies are commonly used by large firms to reduce the chances for new entrants 

into the market (Czarnitzki et al. 2010). These theories on technological development emphasize that 

technological change is not random but has a structured nature i.e. it tends to follow recognizable 

patterns. Dominant actors can create a stable ôtechnological regimeõ because the societal rules, dominant 

cognitions and innovation activities are aligned to their activities (Bruun and Hukkinen, 2003). The result 

can be a ´lock-in´ in a sub-optimal technological system even though other technologies exist which 

provide a higher net social benefit (Nill and Kemp, 2009). Patterns of innovations cannot be simply 

deduced from demand and supply forces within the market but are the result of social interactions on 

multiple levels. 

2.2 Strategic Niche Management   

Strategic niche management (SNM) has been proposed as a policy instrument to escape from a 

ôlock-inõ by stimulating the development of alternative technologies. This research will use SNM to analyze 

the utility of the biomass innovations discussed. Furthermore, it can be used as a basis for the 

development of future Arbor projects. SNM can be defined as (Kemp et al., 1998): òthe creation, development 

and controlled phase-out of protected spaces for the development and use of promising technologies by means of 

experimentation, with the aim of 1) learning about the desirability of the new technology and 2) enhancing the further 

development and the rate of application of the new technologyó. SNM is based on insights from the SCOT, EE and 

constructive technology assessment (CTA) (Raven 2005, Verbong et al. 2008). It is intended for 

technologies which are socially desirable on a long-term and constitute a radical novelty faced by market 

barriers (Schot and Geels, 2008). The main premise is that radical new technologies tend to be developed 

on a small scale before they are disseminated further (Nill and Kemp, 2009). Radical innovations are 

usually first developed for the local market and constitute a specific application i.e. a market niche. These 

technological niches are seen as breeding grounds for new innovations (Raven, 2005). Places to test a 

technology, to create networks, stimulate learning and the development of proto-markets to jump-start 

innovation.  

SNM focuses on developing and supporting niches of promising technologies to stimulate 

experimentation and learning around social desirable technologies (Schot and Geels, 2008). Technological 

niches can be temporarily shielded from market pressures by subsidies or private support because of 

potentially high economic or social returns. Experiments can bridge the gap between variation and 

selection pressures leading to a more rapid diffusion of alternative technologies (Raven, 2005). SNM 

recognizes that policies might have to be adjusted in the face of changing circumstances. It therefore 

focusses on organizing the variation and selection pressures and not on specific technologies (Nill and 

Kemp, 2009). It is not intended as a top-down technological push strategy with a set of pre-defined policy 

goals. Rather, it is meant as a dynamic tool focused on the policy process, interactive learning, networking 

and institutional adaptation (Raven, 2005). SNM can be used by governments but can also be 

implemented by NGOs or other societal groups (Schot and Geels, 2008).  

SNM strategies can be developed with the following intervention cycle: the choice of technology, 

the selection of experiments, the set-up of experiments, scaling up of experiments and the subsequent 

breaking down off the protection measures. A technology must have certain attributes in order to make 

SNM effective. First, it needs to have major technological opportunities. Second, it must exhibit increasing 

rates of return or great learning opportunities. Third, it must be compatible with important userõs needs 

and values that are already present in society. Finally, it needs to be an attractive option for various 

applications in the current market. The experiment should preferably be set up in an environment where 

the user benefits are more important than the additional cost of investment e.g. large emissions savings. 

Furthermore, to stimulate the co-evolution of technology it is important to explore a variety of options 

simultaneously (Kemp et al., 1998). The selection of projects must be based on a vision for sustainability 

and the interest of the local stakeholders. Three internal interactions are identified as important factors in 
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successful niche development (1)  The articulation of realistic expectations and visions which are relatively 

specific and shared by a number of actors. (2) The building of social networks which are broad and 

characterized by a high level of commitment. (3) The level of the first and second-order learning e.g. on 

technical aspects, design specifications, market and user preferences, cultural and symbolic meaning, 

infrastructure networks and environmental effects (Schot and Geels, 2008). 

In order to generate selection pressures SNM measures should be implemented temporarily. The 

policies must be based on the specific barriers that are faced by the technology which is supported (Kemp 

et al., 1998). The example of the Dutch wind energy sector showed that too generous subsidies can lead to 

technological stagnation. A balance needs to be sought between creating stability for investors and the 

objective of evolutionary technological development (Nill and Kemp, 2009). Niches can become 

successful if there is a pattern of continuous and parallel developments leading to more stability around 

the technology (Raven, 2005). SNM has shown to be useful for stimulating learning processes, the 

facilitation of networking and preparing technologies for market introduction (Raven 2005, Nill and 

Kemp 2009).  

Empirical experiences with SNM are scarce and some well-prepared niche strategies e.g Swiss 

electric cars, have not led to a wider implementation of the technology. SNM has been criticized for being 

too simplistic, too much focused on a bottoms-up approach and neglecting wider societal trends (Raven 

2005, Nill and Kemp, 2009). The positive feedback generated by experiments was weaker than expected 

(Raven, 2005). Without wider acceptance within society, governmental support alone will not lead to 

successful implementation of niche innovations. It is even argued that the role of government in SNM is 

unwanted and ineffective. Governments tend to be deeply imbedded into the dominant social-technical 

system making them biased towards certain solutions. Niches could be the target of policy not to change 

the status quo but to act as a showcase for policies supporting sustainable innovation. Political points can 

be scored without the need to implement structural changes. The inclusion of non-governmental actors is 

therefore important to maintain the integrity of the process and make sure it is indeed focused on 

structural changes (Lovell, 2007).  

The measures implemented during the last decades to support the introduction of renewable 

energy technologies in the Netherlands were analyzed by Verbong et al. (2008). The support for niche 

innovations is initially characterized by high expectations. Innovators make high promises to attract 

funding but these expectations generally proved to be too optimistic. Technical problems emerged leading 

to slower implementation than expected. Support was usually based on a technological push approach 

while aspects such as the commercial prospects, societal acceptance or the legal framework were 

neglected. In many cases the process was dominated by regime actors, subsidies were divided among 

incumbents and outsiders were hardly involved. Industrial and economic arguments were prominent, not 

the need to radically transform production methods. Furthermore, the instability of policy measures and 

lack of long term commitment lead to a limited learning curve for niche innovations. The Dutch 

government has tried to stimulate the introduction of renewable energy technologies for over 30 years. 

Yet, the Netherlands still ranks low on the implementation of renewable energy compared to other 

Europe countries (Verbong et al., 2008). Experiments have usually been too isolated events not connected 

to a broader strategy. The power of experiments to induce structural change is limited since they have 

mostly an indirect effect. No single niche innovation alone can transform a regime which is why external 

factors also need to be addressed (Schot and Geels, 2008). As a standalone policy instrument SNM 

appears to be insufficient to significantly alter a stable regime (Weber and Rohracher, 2012). It should be 

part of a wider and integrated evolutionary approach providing long term support for sustainable 

innovation (Nill and Kemp, 2009). The success of niches does not only depend on the quality of the 

experiment but also on the support and acceptance of the technology by society and industry. The 

perceptive will be used in this research to analyze the potential of the biomass utilization technologies to 

steer technological development into a sustainable direction.          
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2.3 Concluding remarks  
The theories on innovation presented in this chapter all point to ways in which technology can 

become ôlocked-inõ in certain innovation patterns. Technological change is not simply the result of a 

supply and demand model which moves markets to equilibrium but results from the complex interaction 

between economics, technological developments and societal preference. The linkages and interaction 

between actors at the level of niches, i.e. the dominant technological regime and the macro environmental 

forces, over which individual actors have little control, influence the speed and direction of change. It is 

therefore important to look beyond simple input-output relations in order to effectively steer 

technological development into a more sustainable direction (Nill and Kemp, 2009). Strategic Niche 

Management (SNM) has been proposed as a strategy to stimulate radical new innovations. It is argued that 

emerging innovations need to be temporarily shielded from market pressures in order to give them time to 

develop. SNM has shown to be able to stimulate learning and the formation of networks around 

technologies. However, the approach has been criticized for being simplistic, too much focused on a 

bottoms-up approach and neglecting wider social trends. Examples from the Netherlands show that 

people are usually too optimistic about the prospects of novel innovations. The failure to meet these 

expectations decreases support and eventually prevents wider implementation of the technology. No 

single experiment can shift a technological regime; broad and long-term support from industry and society 

is needed in order to induce change. Consumers, politicians, large companies and small firms will all need 

to be engaged in an evolutionary cycle of innovation in order to develop the technologies capable of 

moving the economy into a more sustainable direction. The success of biomass as an alternative energy 

source will heavily depend on the support from society, businesses and governments for the technological 

solutions it can provide.  
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Chapter 3 ð Methodology 

The concept of Strategic Niche Management has been proposed as an instrument to accelerate the 

introduction of sustainable production methods. The aim is to lower the entry barriers into a market by 

providing protected spaces in which technologies can develop. SNM requires the identification of 

promising technologies which are able to provide a viable alternative to current production methods. This 

research will use the methodology of a systematic review to analyze which technologies for biomass 

utilization provide high net social benefits and are thus eligible for support. A systematic review is a 

method of assessing the available literature in a transparent and systemic way; this will be explained in the 

first paragraph of this chapter. SNM has been criticized for being too much focused on individual 

experiments and neglecting wider social trends. The research will therefore also make use of a PESTEL 

analysis to identify the macro environmental developments which are likely to affect the introduction of 

biomass utilization technologies, see paragraph 4.2. The two methodological approaches will form the 

basis for identifying the most favourable technological pathways for the sustainable utilization of biomass 

in NW-Europe.      

3.1 Systematic reviews  

This section will address why systematic reviews are an important tool for researchers as well as 

explain how they can be conducted. Policy makers are increasingly expected to make decisions based on 

scientific evidence. However, in the last 20 years the amount and availability of research information has 

exploded making it impossible to keep up-to-date on all scientific research. Information is often scattered 

making it difficult to make sense of the knowledge base. Furthermore, placing faith in a single study to 

draw general conclusion is often misleading (Mulrow, 1994). A larger sample of the literature is needed to 

be able to provide a reliable answer to a question e.g. via a systematic review. Standard method of 

synthesizing the available knowledge base is by conduction a literature review. Yet, literature reviews are 

vulnerable to the bias of the researcher because people can be influenced by their own favorite theories, 

their research funders or the need to get a publication (Petticrew and Roberts, 2006). Reviews are usually 

intended to build an argument about the importance of a field of study or to identify existing knowledge 

gaps. There is a possibility that researchers have cherry picked literature sources since the methods used to 

select papers are usually not communicated (Briner and Denyer, 2010).  

Systematic reviews are a method of organizing the available literature in a more scientific manner. 

It is aimed at limiting the systematic error (bias) by attempting to identify all the relevant studies needed to 

answer a question (Petticrew and Roberts, 2006). Systematic implies that the reviewer uses an appropriate 

research design and explicitly communicates how the review is conducted. It is widely used in fields such 

as medicine and education but not so much in management and organization studies (Briner and Denyer, 

2010). The main difference with a traditional literature review is that the protocol for searching studies 

that to be included in the review are determined in advance of the review. The key features of systematic 

review can be summarized as following (Briner and Denyer, 2010 p.11): 

 

òSystematic/organized: Systematic reviews are conducted according to a system or method which is designed in 

relation to and specifically to address the question the review is setting out to answer.  

Transparent/explicit : The method used in the review is explicitly stated.  

Replicable/updatable: The method and the way it is reported should be sufficiently detailed and clear such that 

other researchers can repeat the review, repeat it with modifications or update it.  

Synthesize/summarize: Systematic reviews pull together knowledge in a structured and organized way in order to 

summarize the evidence relating to the review question.ó  

 

An essential element in systematic reviews is the research protocol which details the process and 

research methods used in the review. This is not intended as a rigid action plan and can be adapted if 

needed once the study has begun (Petticrew and Roberts, 2006). The protocol is intended to ensure that 
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the key features of a systematic review i.e. systematic, transparent and replicable are respected. Four broad 

steps are required to conduct a literature review; the steps need to be made explicit in the review protocol 

(Briner and Denyer, 2010). First, a relevant review question needs to be developed. This can best be done 

in collaboration with the commissioners of the research or researchers assisting the reviewer. The 

literature should also be evaluated to see if other systematic reviews have already been done in the field. 

Once a question has been determined, a comprehensive literature review needs to be carried out to locate 

and select relevant studies for the review (Petticrew and Roberts, 2006). Grey literature can also be 

included depending on the scope and nature of the research. Papers found via e.g. electronic databases 

need to be screened in more detail and the references can be examined to find additional publications of 

interest. Furthermore, citation searches or asking experts for advice may also be a useful method of 

finding relevant papers (Briner and Denyer, 2010). A systematic review is guided by a set of principles, not 

a standard protocol which can be applied to all reviews. For instance, the importance of grey literature 

depends on the availability of information in the academic literature. If there are few relevant published 

articles then it becomes more important to include additional sources (NBS, 2011). 

The decision to include or exclude certain studies must be based on the inclusion/exclusion 

criteria developed in the research protocol. The criteria describe the types of studies which are eligible for 

in-depth review and those that can be excluded. In the field of medicine the ôHierarchy of Evidenceõ is 

often used to rank the designs of studies according to their ability to answer questions about effectiveness. 

The highest form of evidence to prove the effectiveness of an intervention is systematic reviews/meta-

analyses and the lowest are case-control studies. This could be used as a guide to develop the criteria for a 

review about the effectives of a certain intervention. Other criteria may be the use of qualitative or 

quantitative data and the types of outcome of the studies. The choice of the criteria is not standardized 

but is based on the decisions made by the researcher. A range of studies may be included in a systematic 

review as long as the choices are motivated and documented in the research protocol (Petticrew and 

Roberts, 2006).  

Once the sources which are to be included in the study have been identified, the quality of the 

data found in the studies needs to be assessed i.e. critical appraisal of the studies. It is important to 

determine if the studies are adequate for answering the research question. For instance, some may have 

systematic errors or contain too little information on the methods used in the study. There are multiple 

check-lists available for assessing different kinds of research e.g. randomized controlled trials or case 

control studies. The goal is to find errors that are large enough to possibly affect the outcome of the 

study. Studies can be ranked as high, medium or low quality based on e.g. brand of the journal, number of 

citations or internal validity of the study. The review protocol should contain a checklist with questions 

for the critical appraisal of the studies in order to make sure that it is transparent and repeatable.  

The assessment of the quality of the studies is often an integral part of the data extraction process. 

During the data extraction processes the relevant information from the studies is collected and stored in a 

database. There is a danger of creating a data-extraction bias based on e.g. the disciplinary background of 

the researcher. To ensure that an unbiased data extraction process was done the process can be validated 

by another researcher (Petticrew and Roberts, 2006). The next stage in making a systematic review is to 

synthesize the results and write a report. The goal is to break down the individual studies into components 

and see how they relate to each other. By combining the studies new knowledge is created which is not 

apparent from the individual studies. The synthesis should lead to a greater understanding of the subject 

under study than can be learned from a single study (NBS, 2011). The findings of the study can be 

organized in tables based on e.g. methods, results or quality. This is especially important for narrative 

synthesis and a meta-analysis but can increase the transparency of all systematic reviews (Petticrew and 

Roberts, 2006).  

It will depend on the research topic and the methods used which form of synthesis is most 

appropriate. Overall, there are four things which the synthesis should aim to do. It should ôtell the storyõ 

to paint the bigger picture of the research field. It should categorize constructs to make it easier to 
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interpret the data. Furthermore, the relationships between the data should be made explicit and it should 

infer what the study means for those who want to make use the results (NBS, 2011). In management 

studies the focus is usually on the narrative of the synthesis i.e. address different aspects of a subject and 

uses the information to map out the bigger picture. The final stage of a systematic review is to disseminate 

the review findings to a wider audience e.g. by publication or by making it available online (Briner and 

Denyer, 2010). The methodology of a systematic review will be used in this research mainly to make the 

selection of the papers to include into the study more transparent.   

 3.2 PESTEL analysis  

A PESTEL analysis is a strategic planning technique which can be used to analyze the external 

environmental pressures on an organization. It will be used in this research to analyse the macro 

environmental developments which effect the utilization of biomass. It is an easily understandable tool 

used to summarize large scale developments which can influence an organization. PESTEL stands for 

Political, Economic, Social, Technological, Environmental and Legal macro development. The PESTEL 

analysis is similar to a PEST analysis but has two additional categories namely, environmental and legal. 

The two categories are included due to their relevance to biomass utilization techniques. The legal aspects 

are of interest due to governmental support policies for biomass technologies and EU regulation on 

sustainability criteria for bio-fuels. Other similar techniques such as the DEEPLIST analysis or the 

InSPECT analysis are less suited for the purpose of this research. The InSPECT analysis does not include 

any environmental or ecological factors. The DEEPLIST analysis is similar to the PESTEL framework 

but includes the category informational intended to analyze the knowledge position of a single firm. This 

category is not relevant for this research.  

The factors included in a PESTEL analysis cover the most important aspects related to the 

utilization of biomass. The political factors should indicate to what extent a government may influence a 

certain industry e.g. tax policies or trade tariffs. Economic factors refer to the influences that stem from 

macro-economic developments such as economic growth, inflation rates, foreign investments etc. Social 

factors include those cultural trends, demographic developments etc. which can have an influence on an 

organization. Technological factors refer to the how innovations are developed and how they may affect 

the operations of an industry. Legal factors include the effects of regulation, old and new, on an industry. 

Environmental factors are the influences of the surrounding environment such as climate change or the 

attitude of governments and industry to environmental issues3. A summary of the range of different 

factors which can be considered in a PESTEL analysis can be found in appendix 2. The outcomes of the 

analysis can be ranked according to the significance of their impact (Trodd, 2007). The advantages of 

using a PESTEL analysis are that it is easy to understand and that it can incorporate a wide range of 

external factors. However, the macro environment is very complex, dynamic and constantly changing 

which makes predicting relevant trends difficult. The listed factors are arbitrary and the interpretation of 

their relevance is subjective. A PESTEL analysis can help identify key factors that influence an 

organization but the macro environment should be continuously monitored to incorporate changing 

circumstances. The PESTEL included in this research will be able to give an indication of the most 

important trends affecting biomass utilization but should not be seen as a definitive list of factors.       

3.3  Research Protocol   

This section will present the research protocol used in the study wherein the methods of data 

collection are made transparent. The research will focus on the utilization of biomass in NW-Europe. A 

macro-economic analysis will be made of the potential sources of biomass in a North-Western European 

context. The review will analyze the potential of biomass utilization for energy and chemical production. It 

is intended as an international overview of technological innovations for biomass utilization. The main 

source of knowledge will be review studies published in the academic literature. The review studies 

                                                           
3 http://pestleanalysis.com/ 
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provide insight into the general trends in biomass research and are less prone to be too optimistic over 

single technological solution. The topic of biomass has been extensively studied over the past decades. 

Similar review studies have published (e.g. Limayem and Ricke, 2011 and Robbins et al., 2011) which 

provide good overviews of the current innovations in biomass utilization. However, since the field of 

biomass utilization is complex the studies are usually not able to address all aspects of the issue. For 

instance, reviews on the production of chemicals usually do not discuss the potential source of biomass in 

detail. Yet, the chemical composition of the biomass and chosen conversion method are important to 

consider when determining which chemicals to produce. The aim of this review is to identify multiple 

review studies to provide a comprehensive overview of the total supply and value chain of biomass 

utilization, table 3.1 shows the research planning for the research.    

The inclusion criteria for the study will be:  
- Relevance to the research questions 
- Date of publishing 2000 and later  
- Reviews published in scientific journals 
- Biomass sources must be suited for a North-western European context. 
- Papers must review biomass innovations 

 
The Exclusion criteria will be:  

- Sources focused on case studies  
- Publications not available via WUR search engines. 
- Papers focused on waste treatment    
- Reviews not dealing with technological innovation 
- Reviews focused on genetic engineering  
- Reviews dedicated to economic or environmental analysis 

   
Two main databases namely Scopus and Web of science will be used for the research. English reviews 

discussing innovations for biomass utilization published after 2000 are included. The quality of the data 

i.e. critical appraisal of the reviews was assessed based on the following check list. Is the review relevant 

for the study? Is the study published as peer reviewed paper in a scientific journal? Does the study focus 

on biomass sources or conversion technologies? Is the study providing an overview of technological 

innovation? Does the study meet all inclusion and exclusion criteria? Studies which are able to meet all 

these criteria were included in the review.          

The search strings for information gathering were developed by screening the key words listed in the 

publications found via basic search strings. The search string ôbiomass and chemicals and productsõ was 

used for an initial search on the topic of bio-chemicals. The first two hundred most cited hits were 

screened; the key words from 34 papers were extracted. The most cited key words were used to develop 

the following key strings for the topic of bio-chemicals ôRenewable AND 

Chemicals OR Chemical AND Biorefinery OR Bio- refineries  OR  Biorefiningõ and ôBiobased economyõ. 

The string was used in Scopus and Web of science in February 2013. The results were refined on review 

papers only and further screened on their relevance for the research. Forty-five review papers were found 

to be of interest for this study. Sixteen additional papers were found by looking at frequently cited 

references. The papers were read in further detail and used as a basis for the section on bio-chemicals. 

The keywords ôbiomass and crops and Europeõ were used as an initial search string in Scopus to find 

publications on the subject of biomass sources in Europe. The first 200 papers were screened to find 

relevant key words on the subject. Forty-two papers were found to be of relevance and their key words 

collected. The string was ôBiomass and Europe or Energy crops or Bioenergy or Residues or Wasteõ was 

used in Scopus and Web of science in March 2013. Fifty-five papers were found to be of interest for the 

study. Nineteen additional papers were extracted from the references. The papers were read in further 

detail and used as a basis for the section on the sources of biomass suited for NW-Europe.   
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The keywords ôbiomass and energyõ were used as an initial search string in Scopus to find relevant 

publications on the subject of biomass conversion. The first 200 hits were screened on their relevance for 

the research. Key words were extracted from 82 studies. Based on these key words the search string 

ôBiofuel or bioenergy and renewable and conversion and hydrolysis or pyrolysis or fermentationõ was 

developed to search for publications on biomass conversion technologies. The search string was used in 

Scopus and Web of science in March/April 2013. Seventy-six studies were found to be of interest and 

read in more detail, these serve as the basis for the section on biomass conversion technologies. No 

additional papers were extracted from references. Table 3.2 summarizes the search string used for the 

study.    

The study will synthesize the data in a narrative synthesis to attempt to build the bigger picture of the 

field of biomass utilization and help identify the best way forward. The data will be presented in written 

form as well as via schematic representations. The possible conversion pathways for biomass will be 

presented in a flow diagram and an overview will be given of the highest quality studies. The review will 

present the trends in biomass research and can be used as a basis for the collection of data on biomass 

utilization.     

 

Table 3.1: Research planning 

 

Table 3.2: Summary of search strings used for the study 

Subject : Search string: 
Number of 

papers: 
Additional papers 

from references: 

Sources of biomass  
Biomass and Europe or Energy crops or Bioenergy or Residues or 
Waste 55 19 

Biomass conversion 
Biofuel or bioenergy and renewable and conversion and hydrolysis 
or pyrolysis or fermentation 76 0 

Bio-chemicals 
Renewable AND Chemicals OR Chemical AND Biorefinery OR 
Bio- refineries  OR  Biorefining  /   Biobased economy 45 16 

 

   

Date:    Week Activity  

1 ð 10 February 1 Research context 

11-17 February 2 Theoretical background  

18-24 February 3 Presentation and finalize research protocol 

  Select relevant papers and begin synthesis of pre-treatment methods 

25 February - 3 March 4 Finalize synthesis on Pre-treatment technologies 

4  - 10 March 5 Search for articles on sources of biomass sources and start synthesis 

11 - 17 March 6 Finalize synthesis on sources of biomass.    

18 - 24 March 7 Search for articles on biomass conversion technologies 

25  - 31 March 8 Synthesis of bio-conversion technologies 

1 - 7 April 9 Search for articles on bio-chemicals 

8 - 14 April 10 Finalize systematic review 

15 - 21 April 11 PESTEL analysis 

22 - 28 April 12 Finalize PESTEL analysis and synthesize results 

29 April ð 8 May 13 Conclusions and recommendations 

9 May ð 17 May 14 Finalyzed report  

22 May          15 Sumit report 
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Chapter 4 - Sources of biomass in NW-Europe 

An important aspect for the economic viability of biomass energy is the availability and price of the 

feedstock. The building blocks of biomass are synthesized by plants via photosynthesis, a reaction 

between water, carbon dioxide, and sunlight. The energy is stored in the structural bounds within the 

biomass which can be harvested for energy and/or  chemical production. The three main components of 

biomass are cellulose, hemicellulose and lignin. Cellulose is made up out of long chains of glucose 

polymers and forms the primary cell wall of green plants (McKendry, 2002). Hemicellulose is made up out 

of shorter molecular chains consisting of a mixture of heterogeneous branched sugar monomers such as 

cellulose, xylose and mannos. Lignin is a complex molecular compound which fills the spaces between the 

cellulose and hemicellulose facilitating water uptake and thereby giving structural strength to plants 

(Agbor et al., 2011). Biomass usually also contains smaller amounts of other compounds such as ash and 

minerals. The levels depend on the type of biomass, the soil, growing conditions and time of harvest. The 

molecular buildup of plant matter is an important determinant for the efficiency of biomass processing. 

Woody biomass is composed of firmly bound fibers with high lignin content and is well suited for thermal 

conversion. Plants which can be harvested yearly, e.g. grasses, have more loosely bound fibers and a lower 

lignin content. The lower lignin content is beneficial for biological conversion processes. The moisture 

content of biomass is also important to consider. The moisture content can be affected by external factors 

i.e. weather conditions but biomass also has an intrinsic moisture content which is related to the type of 

biomass. A low moisture content is required to gain good process efficiencies in the thermal conversion of 

biomass. The biochemical conversion of biomass favors plants which have a higher moisture content 

(McKendry, 2002). This section will describe some of the most studied biomass sources available to 

Northern European regions i.e. poplar, willow, miscanthus, hemp, reed canary grass, switchgrass and 3rd 

generation biomass.  

4.1 Biomass in Europe 

This section will discuss general aspects related to the biomass potential of NW-Europe. The 

availability and potential yields of biomass is heavily depended on local climatic conditions. Northern 

European regions have a short growing season, high levels of precipitation and mild temperatures. In 

countries like the UK and the Netherlands agriculture is dominated by the livestock industry due to the 

favorable climatic conditions. Scandinavian countries have low fertile soils and thus limited potential for 

agricultural production (Fischer et al., 2009a). However, the forests in these areas can supply large amounts 

of forest residues (Scarlat et al., 2011). Southern regions have a longer growing cycle and receive more 

sunlight but can also be hot and dry (Fischer et al., 2009a). The most productive regions in Europe in 

terms of climate are located in the Ukraine, Germany, France and Southeastern Europe, see figure 4.1. 

These regions produce a large proportion of the food in the EU and are potentially major players in the 

biomass industry (Ericsson and Nilsson, 2006). Climate change is expected to have an effect on the 

production capabilities of agricultural lands in Europe. Northern Europe is modeled to become more 

accommodative for plant species now restricted to Mediterranean areas. Southern European regions are 

more vulnerable to the effects of climate change. The agricultural productivity of countries like Spain 

could be affected by water shortages and more extreme weather (Tuck et al., 2005, Cosentino et al. 2012). 

These effects can potentially be mitigated by increasing technology capabilities e.g. more draught resistant 

crops (Cosentino et al., 2012). North-Western European countries are more expensive due to high wages 

and high costs of agricultural lands making the production of biofuels in Eastern Europe attractive (de 

Wit and Faaij, 2009). Especially the Ukraine could become an important source of biofuels (Fischer et al., 

2009b).  

The most energy efficient source of raw materials for bio-refining is biomass waste e.g. forest and 

agricultural residues. Significant amounts of residue are created during agricultural production. France and 

Germany are major agricultural producers of cereals and produce the majority of agricultural residues in 
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Europe (Bentsen and Felby, 2012). Estimates on the available agricultural residues range from 86 to 133 

million tons of dry matter a year. However, not all of the available residues can be used for bio-refining. A 

certain proportion of the residue needs to be left on the field to protect the soil from erosion and 

maintain fertility. Biofuels also have to compete with other uses of agricultural residues e.g. animal feed, 

mushroom cultivation, and industrial uses (Scarlat et al., 2009). A number of studies have estimated the 

potential supply of biomass waste in Europe for energy generation. The scope and methodologies used in 

the studies differ leading to a range of estimates. Somewhere between 800 PJ to 3300 PJ a year could be 

available from residue streams (1900 PJ/year would generate four percent of the total energy demand of 

EU27) (Scarlat et al. 2009, Fischer et al., 2009a, Bentsen and Felby, 2012). Residues are the least expensive 

sources of biomass and a good starting point for the biomass industry (Fischer et al., 2009a). However, the 

agriculture and forestry residues are not expected to increase significantly in the future (Scarlat et al., 

2009). The use of waste streams alone will not be enough to provide a major alternative source of fuel. 

Dedicated energy crops will be needed to increase the availability of biomass in Europe (Bentsen and 

Felby, 2012).  

 

Figure 4.1: Potential energy yield of second generation biomass sources in Europe (figure does not include the use of 

co-products). 

 
Source: Fischer et al., 2009a 

 

Most of the bio-fuels produced today are derived from first generation biomass sources such as 

corn, rapeseed and sugarcane. These crops are generally grown via intensive agriculture which is known to 

cause negative environmental externalities (Petersen et al., 2007). Furthermore, the greenhouse gas 

emission savings of first generation sources are limited. The environmental and social sustainability of 

these sources of biomass is therefore contested (Jaeger and Egelkraut, 2011). Especially rapeseed oil 

performs poor in life cycle assessment studies due to the extensive use of fertilizer and pesticides (Fischer 

et al., 2009a). The energy yields of rapeseed is among the lowest (between 30 and 50 GJ ha a year) of all 

biomass crops. Other first generation sources e.g. corn can yield between 80 and 120 GJ ha a year. Second 

generation sources have a smaller environmental impact and lower production costs compared to first 

generation sources (Rowe. et al, 2007). The average yields are projected to be higher (100 and 150 GJ ha) 

and less agro-chemicals are required to grow the crops (Petersen et al., 2007).  



MSc Thesis Management Studies         Sources of biomass in NW-Europe 

 

18 | P a g e 
 

An advantage of first generation sources is however that they require minor 

adoptions/adaptations in the supply chain leading to a favorable adoption climate for these technologies 

among farmers (Fischer et al. 2009a). The use of lignocellulosic biomass is more complicated. Second 

generation sources usually have a lower energy density and a higher moisture content than first generation 

biomass. The logistics of the process heavily influence the profitability of the technology (Richard 2010, 

Zhang 2011, Awudu and Zhang 2011). For instance, traveling a distance of 100 kilometres by truck can 

account for 10% of the inherent energy content of the biomass. It usually also needs to be dried, naturally 

or forced, to prevent degradation during transport and storage. Densification is also important but 

increasing the bulk density of grasses can account for 20 to 40% of the total cost of biofuel production 

(Zegada-Lizarazu et al. 2010, Tumuluru et al. 2011). Experience with commercial energy crops in Europe is 

limited. New farm management practices, additional infrastructure and novel equipment are needed to 

facilitate second generation biomass utilization (Fischer et al. 2009a, Zegada-Lizarazu et al. 2010, Miao et al. 

2011).   

The available second generation biomass sources can be divided into two broad categories, annual 

crops and crops that grow for multiple years (perennial plants). Miscanthus, reed canary grass, willow and 

popular are multiyear crops. In the first years productivity is low but after 1-5 years the maximum 

productivity is reached where after the plots can be harvested for 10-25 years (Jing et al., 2012). Woody 

biomass has a higher flexibility than grasses because they can be harvested any time of the year reducing 

the need for storage. An advantage of annual crops is that they can be integrated into a crop rotation cycle 

where they can be beneficial for the fertility and pests control (Zegada-Lizarazu and Monti, 2011). The 

agricultural production of second generation sources is less developed than well-established food crops. 

The grasses and woody crops have just recently been domesticated for energy production and are in the 

early stages of development. The crops Miscanthus Willow, and Poplar are the most advanced second 

generation sources and already used commercially in some parts of Europe (Zegada-Lizarazu et al., 2010). 

This section made clear that the biomass potential is heavily dependent on local conditions and that 

dedicated energy crops will be needed to reach the European energy targets via the utilization of biomass. 

In the next paragraphs the most studied second generation biomass sources suited for Northern 

European climates will be discussed in more detail.    

4.2 Industrial hemp  

Hemp is one of the oldest nonfood crops in the world and there is a wide variety of species 

available (Struik et al., 2000). Hemp is annual seeded C3 plant which can be grown from the equator up to 

the northern regions, see figure 4.2 . In countries like Canada, Sweden and Germany the crop is grown on 

an industrial scale for their fibers and seeds. The use of hemp as an energy crop has not been widely 

investigated so there is limited knowledge about the potential of hemp as an energy crop (Prade et al., 

2011). Studies indicate that the energy yield is similar to other energy crops used in Northern Europe. In 

northern Europe, annual yields vary from 5-15 t ha, seed yields range from 250-1200 kg ha (Venendaal et 

al., 1997, Deleuran and Flengmark, 2005, Zegada-Lizarazu et al. 2010). The stem of the hemp plant can be 

separated into bast fibers (35%) and woody material (65%) from the inner core. The fibers are made out 

of 57ð77% cellulose, 16% hemicelluloses, 5ð9% lignin and 18% pectic substances. The woody inner core 

has a higher lignin content of 21ð24% and a lower (hemi)cellulose content. The low lignin content of the 

fibers is an advantage for a bio-conversion process (Rehman et al., 2012). Additional advantages of hemp 

are that little or no pesticides and herbicides are needed, it is easy to grow and it can improve soil health if 

integrated into a crop rotation cycle (Venendaal et al., 1997, Struik et al., 2000, Sipos et al., 2010). 

Furthermore, the establishment costs are low and the risk to farmers is much smaller compared to multi-

year crops. A disadvantage of hemp is its association with illegal narcotics, hemp species with a THC 

content of >0.03 are banned in Europe. This limits the amount of species which can be grown (Struik et 

al., 2000). The moisture content of hemp at an autumn harvest (around 50%) is also problematic and the 

crop can be vulnerable to fungi in wet years (Venendaal et al., 1997). Furthermore, the fertilizer 
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requirements for hemp are high compared to other second generation crops (Balezentiene et al., 2012). 

Hemp has potential as an energy crop. It can easily be integrated into crop rotation cycles giving higher 

flexibility for farmers than most other second generation biomass sources. More research is needed to 

determine if the crop is able to compete with energy production from maize (first generation) as an annual 

energy crop.  

Figure 4.2: Industrial hemp production in Belgium (2010) 

 
Source: inagro.be 

4.3 Switchgrass   

Switchgrass is native to North America where it naturally grows from the Southern region of the 

US up to Canada. It was one of the dominant grasses on the American plains before they were mostly 

converted to agricultural lands (Shastri et al., 2012). The plant has been able to evolutionary adapt to 

multiple environments leading to a large variety of sub species. The large genetic diversity makes it 

possible to cultivate switchgrass in diverse climatic conditions, see figure 4.3 (Jessup, 2009, Zegada-

Lizarazu et al. 2010).  The crop received much attention because of the relative high amounts of biomass 

which can be generated with low levels of input (Lewandowski et al. 2002, Deepak et al. 2008, Jessup 

2009). Switchgrass can be grown on marginal lands and can provide ecological benefits such as increased 

soil quality and nesting places for migrating birds (Sanderson et al. 2006, Monti et al. 2008). It is well suited 

for sandy soils which occasional experience droughts (Lewandowski et al., 2002). Switchgrass has a 

cellulose content of around 46%, a hemicellulose content of 32% and a lignin content of around 12.3% 

(Robbins et al., 2012). The Department Of Energy of the United States identified Switchgrass as one of 

the most potent energy crops available for the US (Wright and Turhollow, 2010). In Southern parts of the 

US the grass can grow up to 3 meters high with roots going as deep as 3,5 meters (Lewandowski et al., 

2002). The investments made by the US significantly increased the scientific understanding of the crop 

(Sanderson et al., 2006).  

There are two main types of switchgrass, lowland plants and plants adapted for upland 

ecosystems. The lowland plants grow taller and are more suited for wetter conditions whereas the upland 

species are shorter, thinner and more adapted to dry conditions (Shastri et al., 2012). The crop has a C4 

photosynthetic pathway and is well suited for central and southern regions of Europe (Lewandowski et al., 

2002). It is planted via seeding which is a relatively cheap and easy method of crop establishment 

compared to the other grasses which need to be propagated first (Zegada-Lizarazu et al., 2010). A problem 

for the establishment of switchgrass plantations is however the high levels of seed dormancy and poor 

seed quality (Sanderson et al., 2006). This issue will need to be addressed in order to increase the viability 

of switchgrass as an energy source (Shastri et al., 2012). The availability of water and nitrogen are 

important determinants in the productivity of the crop. The crop response positively to additional 

fertilizers in case nitrogen is not present in ample supplies in the soil (Monti et al. 2008). Economically 

viable plots will require the addition of 50ð100 kg Nitrogen (N) ha fertilizer a year (Lewandowski et al., 

2002). Yields of up to 23 tons per ha/ yr haven been reported under optimal conditions but average yields 
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are between 7 ð 14 tons ha/yr for Northern European regions (McLaughlin et al. 1999, Christian et al. 

2001, Lewandowski et al. 2002, McLaughlin et al. 2006, Fike et al. 2006, Sanderson and Adler 2008 Monti et 

al. 2008, Wang et al. 2010) 

Figure 4.3: Switchgrass field in Groningen, the Netherlands (2003) 

 
Source: switchgrass.nl 

 

In the first year the crop cannot be harvested, it reaches two-thirds of the capacity in the second 

year and full capacity from the third year after plantation (McLaughlin et al., 1999). During the first years 

weed treatment is needed to ensure the viability of the plantation (Shastri et al., 2012). There is a lack of 

knowledge about the long term productivity of switchgrass plots but it is possible to annually harvest a 

plot for at least 10 years (Sanderson et al., 2006, Shastri et al. 2012). Yields have not shown to decline 

significantly over the years but switchgrass is vulnerable to some fungi and viruses (Lewandowski et al. 

2002, Fike et al. 2006, Jessup, 2009). The crop is usually harvested in the fall due to the lower ash and 

moisture content of the biomass at that time. The total yields are than however lower compared to an end 

of summer harvest. Harvesting after a freeze is recommended because the nutrients thean move to the 

roots minimizing nutrients loss during harvesting (Shastri et al., 2012). Different annual harvesting 

methods have been studied, a one-time harvest, a two time harvest or even multiple harvest a year. A two-

cut systems has shown to increase yields during a year. However, the productivity in the following year 

can be affected and the additional investments needed for an extra harvest offset the potential gains of the 

additional biomass. A onetime harvest is the most favorable harvesting method (Monti et al., 2008).    

Switchgrass has a low bulk density which is problematic for the economics of the production 

chain. Size reduction (densification) is therefore an important aspect to increase the efficiency of the 

process. Since grasses are harvested only one time a year, storage is needed in order to guarantee a 

continued supply for a bio refinery. Storage can however result in a loss of biomass of between 2 and 35% 

depending on the type of storage used. Open air storage is the cheapest form but results in high losses of 

up to 35%. Covered storage is more expensive but can reduce the loss to 3% or almost nothing. The 

production costs are mainly determined by the transportation costs, costs of harvesting and storage cost 

(Shastri et al., 2012). Switchgrass has some positive attributes as a bioenergy crop. The yields are lower 

compared to the other grasses but it is cheaper to plant and the farming equipment needed is similar to 

that already used by farmers (Monti et al., 2008). However, it is currently not competitive with coal for 

electricity production (Smeets et al. 2009). Higher rates of seed emergence are needed as well as increased 

tolerance for cold, improved yields, better harvesting techniques and more efficient fertilizers strategies 

(Sanderson et al. 2006, Shastri et al. 2012). The systematic breeding of switchgrass for energy production is 

still in its infancy stage. The yields and climatic adaptability of switchgrass could be increased during the 

coming decades due to the large gene pool available for crop improvements (Sanderson et al. 2006, Jessup 

2009).  

4.4 Reed canary grass  

Reed canary grass is native to the temperate regions of Europe, North America and Asia. It is one 

of the few grasses which able to grow well in the higher Northern regions of Europe. It is a C3 type grass 
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which is commonly used for hay and grazing. The crop is adapted to many stresses and thrives on wet, 

humus-rich soils where it can reach heights of 1.5 to 3 meters, see figure 4.4 (Venendaal et al. 1997, Casler 

et al. 2009). It is a persistent plant which can tolerate flooding and very wet conditions or very dry 

conditions. The large variation between the plants adapted to different ecosystems is beneficial for 

breeding programs (Lewandowski et al., 2003). It is adapted to cool weather conditions and it is winter 

hard. It has been investigated in Sweden as bioenergy crop for over a decade. The highest yields can be 

obtained when harvested in the autumn on humus-rich soils (9 t ha/y). However, if the plant is harvested 

in the autumn the grass has poor fuel quality and needs to be extensively dried (Lewandowski et al., 2002). 

The mineral elements present in the grass cause corrosion of power plants limiting the amount of grass 

which can be co-fired for energy production (Casler et al., 2009, Hiensoo et al., 2010). The (hemi)cellulose 

content can be as low as 48%  with a 14% content of lignin and high amounts of ash and minerals. This 

makes the harvest for direct energy generation in the summer or autumn in the higher Northern regions 

not possible. The mineral content is reduced if the plant are left on the field during the winter and 

harvested in the early spring (Robbins et al., 2012).  

The plantations are established via seeding but the seeds are slow to germinate and can have high 

rates of dormancy. Weed treatment is only needed in the first year. After plantation the fields can be 

harvested over a period of 10ð12 years with minimum input (Venendaal et al. 1997, Lankoski and 

Ollikainen 2006). Low levels of fertilizers are required, 100 N, 15 phosphorus (P) and 80 potassium (K) kg 

ha is recommended after the first year of sowing. After that lower levels of 50 N,5 P, and 20 K kg ha/yr 

are required (Lewandowski et al., 2002). The yields of the crop under favorable condition are within the 

range of 8-10 tons ha/yr (Venendaal et al. 1997, Casler and Undersander 2006 Jasinskas et al. 2008, Casler 

et al. 2009 Hiensoo et al. 2010, StraĢil , 2012). However, in most Northern regions the crop needs to be 

harvested in the spring which results in a loss of yields of around 20%. Yields of 6-8 t/ha can be expected 

for most Northern regions (Venendaal et al. 1997, Lankoski and Ollikainen, 2006).  

 

Figure 4.4: Reed canary grass winter harvest in Finland (2006) 

 
Source: Turku University Finland (2008) 

 

The advantages of the grass are that the establishment costs are low, no special harvesting 

equipment is needed and the land can easily be converted back to other purposes such as food crops 

(Venendaal et al. 1997, StraĢil 2012). It is also the only grass which is able to grow well in the higher 

Northern regions of Europe. However, the yields are low compared to the other grasses and the species is 

still largely undomesticated, cultivated species are only one or two cycles removed from natural occurring 

strains (Casler and Undersander, 2006). Issues with ineffective seeding and low yields need to be 

addressed to increase the attractiveness of the crop to farmers in the higher Northern regions of Europe.   
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4.5 Miscanthus  

Miscanthus is a C4 type grass with high solar radiation, fertilizer and water use efficiency 

(Lewandowski et al., 2002). The grass is native from Asia where it can be found from tropical and 

subtropical conditions to warm temperate climates (Zub and Brancourt-Hulmel, 2010). Although the crop 

is adapted to warmer climates it can also grow in northern regions such as the Southern parts of Sweden 

and the U.K., Denmark, and Ireland, see figure 4.5 (Venendaal et al., 1997). It is among the very few 

grasses with a C4 type photosynthetic pathway which is able to grow in these colder regions 

(Lewandowski et al. 1999, Anderson et al., 2011). The plant can grow up to 4 meters high and produces 

large quantities of biomass with low levels of input (Zub and Brancourt-Hulmel, 2010). It is one of the 

highest yielding energy crops available (Boehmel et al. 2008, Jessup, 2009). The Miscanthus (M) genus 

contains around 11 to 25 species of which the M. Giganteus is the most commonly researched species. 

Extensive field trails have been conducted in Europe with the M. Giganteus strain. Denmark, 

Netherlands, Germany, Austria and Switzerland have invested public funds into research projects (Zub 

and Brancourt-Hulmel 2010, Anderson et al. 2011).  

The crop can grow on a wide range of soils but the highest yields can be obtained on soils with a 

good water holding capacity (Lewandowski et al., 2002). The (hemi)cellulose (Cellulose 40/60 % and 

Hemicellulose 20/40 %) content of the crop ranges typically from 76.20 to 82.76 % and lignin content 

ranges from 9.23 to 12.58 %. The rates depend on the harvest times and the condition under which the 

crop is grown (Brosse et al., 2012). M. giganteus is a sterile hybrid of the species M. Sinensis and M. 

Sacchariflorus which means that the crop cannot produce fertile seeds. This prevents the crop from 

spreading to unwanted areas but it also makes the establishment of the crop more difficult and expensive 

(Atkinson, 2009). The crop is established by planting small plants in the spring which are cloned from a 

mother plant via vegetative propagation. There are two methods of obtaining plant clones, macro and 

micro propagation. Macro propagation is the mechanical harvesting of small plants from a field by cutting 

new plants from the stems. Micro propagation is the propagation of plants via tissue cultures 

(Lewandowski et al. 1999, Lewandowski et al. 2002). The genetic diversity of the crops used is therefore 

low (Zub and Brancourt-Hulmel, 2010).  

 

Figure 4.5: Miscanthus harvest in the UK. (2010) 

 
Source: energycrops.com 

 

During the first 2-5 years, depending on the climate, the crop is building up yield and cannot be harvested 

(Lewandowski et al., 2002). Weed control is vital in first years of growth to obtain high yielding plantation 

(Venendaal et al., 1997, McKendry 2002). After the first years the yields reaches a maximum and can be 

annually harvested for up to 25 years (Anderson et al., 2011). The crop can only be harvested once a year 

due to damage caused to the plants during harvest (Lewandowski et al., 2002). Miscanthus requires low 

levels of inputs and leads to a low loss of minerals during harvest (Venendaal et al., 1997). Fertilizers are 

only needed in large quantities on soils with a low Nitrogen (N) content. At places with good condition 
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the N can be limited to 50ð70 kg ha/y (Lewandowski et al., 2002). The highest yields can be obtained in 

the autumn when the plants are flowering but the moisture and mineral content is higher around that 

time.  It is therefore often harvested in the spring so that the crop is dry and mineral content lower and it 

can be stored without further drying (Venendaal et al., 1997). 

The harvest delay improves the quality of the biomass but results in 25%ð35% lower biomass 

yields (Lewandowski et al. 2002, Brancourt-Hulmel 2011, Anderson et al. 2011). The average total biomass 

loss is estimated to be around 35% (this includes the loss of biomass during the harvest itself) 

(Lewandowski et al., 1999). In the southern regions of Europe with high temperature and high levels of 

solar radiation stable yields of up to 28 tons ha/yr over a ten year period where obtained. The maximum 

yield obtained in Europe (France) under well irrigate and fertilized conditions was around 49 tons ha/y r 

(Zub and Brancourt-Hulmel, 2010). The highest recorded yield in cooler climates (U.K) is around 20 tons 

ha/yr (Zegada-Lizarazu et al. 2010). The average yields in Northern regions range from 10 to 16 tons 

ha/yr depending on soil type and climate (Venendaal et al., 1997, McKendry 2002, Lewandowski et al. 

2002, Atkinson 2009 Somerville et al. 2010 Zegada-Lizarazu et al. 2010 Zub and Brancourt-Hulmel, 2010., 

Anderson et al. 2011 , Brosse et al. 2012). In the higher Northern regions the M. Sinensis genotypes (which 

is more winter hard) can produce similar yields as the M. Giganteus (Lewandowski et al. 2002).  

An advantage of the crop is that no yield decreasing pest or diseases are known although 

infections of insects, fungi and viruses have been reported in some plantations (Atkinson 2009, Zub and 

Brancourt-Hulmel2010, Anderson et al., 2011). Furthermore, the biomass yields are high and similar 

harvesting equipment as for hay can be used. Yet, standard machines must operate slower due to the 

higher density of the biomass so more specialized equipment is needed to increase harvesting efficiency 

(Venendaal et al. 1997, Lewandowski et al. 1999, Anderson et al. 2011). A major problem for the crop in 

northern regions is the low survival rate of the plants in the first winter after plantation. The roots of the 

young plants start to die off at temperatures below Ĭ3,5 °C (Lewandowski et al., 2002). In subsequent 

winters the plant is able to survive (Lewandowski et al., 1999). The establishment costs of Miscanthus 

plantations are high (Lewandowski et al. 2003, Zegada-Lizarazu et al. 2010, Zub and Brancourt-Hulmel, 

2010). The low winter hardness in the first year is therefore a major obstacle for the crop in Northern 

region (Atkinson, 2009). Increasing the frost tolerance and techniques which can reduce the cost of 

propagation are essential for the increasing of the cultivation of Miscanthus in Northern regions 

(Atkinson 2009, Brancourt-Hulmel 2010, Glowacka, 2011). 

4.6 Short rotation coppice 

Short rotation coppice refers to the growing of woody biomass using a coppicing woodland 

management system. Coppicing is the cutting of trees at their base which results in the generation of new 

stems from the stump or roots in the following year. Willow and poplar are the two most commonly 

investigated short rotation coppice species which are well suited for the Northern European climate. 

Willow has been cultivated by human civilization for a long time. The crop has been used as a raw 

material for baskets, fences and shields since Roman times. Poplar has also been cultivated by humans 

mainly for timber and pulp. Recently these crops have received interest as a source of energy because of 

their high yields and fast growing rates (Afas et al. 2008). Poplar is among the fastest growing trees in 

temperate climates (Afas et al. 2008, Hinchee et al. 2009). The family of poplar comprises of 25 to 35 

different species of which hybrid species are the fastest growing (Sannigrahi et al., 2009). The willow family 

has a larger genetic diversity of around 350-500 species. Poplar is more suited for warmer climates 

whereas willow is also able grow in the higher Northern regions of Europe (Venendaal et al., 1997).  

The trees are cultivated in multi-year cycles, see figure 4.6. During the first 3-5 years the trees 

need to take root and be allowed to grow into mature plants. After the first years of growing the biomass 

can be harvested in rotation cycles of 3 till 5 years for up to 30 years (Deckmyn et al. 2004, Karp and  

Shield 2008, Zegada-Lizarazu et al. 2010). Both species are relatively easy to propagate but require an 

ample supply of water to be able to achieve high yields (Venendaal et al. 1997, Pellis et al. 2004 karp and 
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Shield 2008). Poplar has a cellulose content of around 40%, hemicellulose content of around 23% and a 

lignin content of around 20%. Willow has a higher cellulose content of 56%, a hemicellulose of around 

14%, and lignin of around 19% (the remaining weight is moisture, ash and minerals) (Karp and  Shield, 

2008). 

Figure 4.6: On the left willow harvesting in Sweden, on the right poplar harvesting in the USA. 

 
Source: fao.org (left), eere.energy.gov (right) 

 

Weed treatment is essential in the first years of willow cultivation because the young sprouts are 

vulnerable to weed overgrow. After the first years little to no insecticides or fungicides and few herbicide 

are needed. Furthermore, the fertilizer requirements for the willow are low (Venendaal et al. 1997, 

Labrecque and Teodorescu, 2005). Willow can be planted in high density, is able to uptake heavy metals 

from soils and can facilitate the breakdown of non-toxic organic compounds (Volk et al., 2006). Short 

rotation coppice can have a positive effect on biodiversity if the use of herbicides is low and the crop is 

cultivated on relative small plots. In a landscape which is dominated by conventional large scale agriculture 

the crops provides a nesting place for birds (Hoffmann and Weih 2004, Londo et al. 2004, Labrecque and 

Teodorescu, 2005).  

The reported yields of willow range from as low as 6 tons ha/yr to as high as 30 tons per ha/yr 

under well fertilized and irrigated conditions. In a review study on willow cultivation multiple sources 

where examined describing the yields of willow cultivation. A mean harvestable yield of 11.5 ton per 

hectare a year was found (Djomo et al., 2010). Based on this study and the results published elsewhere an 

average yield of 10 till 15 tons biomass per hectare year can be expected in Northern European climates 

(Venendaal et al. 1997, Hoffmann and Weih 2004, Labrecque and Teodorescu 2005, Djomo et al. 2010, 

Miao et al. 2011, Kasmioui and Ceulemans 2012). Poplar is able to achieve relative high yields with no 

irrigation and limited use of fertilizers but yields are considerably higher on well irrigated and fertilized 

plots (Deckmyn et al. 2004). Under optimal conditions yields of up to 20ð25 tons ha/yr can be achieved 

(Pellis et al. 2004). However, annual yields between 6 till 13 t ha/y are more realistic for most Northern 

European areas (Venendaal et al., 1997, Pellis et al. 2004, Laureysens et al. 2005, Aylott et al. 2007, Fischer 

et al., 2009a, Djomo et al. 2010, Somerville et al., 2010). The crops are usually harvested in the winter as the 

leaves have fallen off making the harvesting easier. However, this does lead to a high moisture content of 

around 50% at harvest (Gasol et al., 2009). This can be problematic for further processing depending on 

the intended application (Miao et al., 2011). After harvest the trees are cut and usually made into chips by 

mobile chipper (Zegada-Lizarazu et al. 2010). Harvesting and transportation cost can account for 39ð60% 

of the total production costs (Labrecque and Teodorescu, 2005).  

The breeding of willow and poplar for energy purposes has not taken place widely so there is 

room to increase the yields of the crops by genetic manipulation or natural breeding programs (Labrecque 

and Teodorescu, 2005). The POPFULL project is an example of efforts to increase the knowledge about 

popular plantations in a NW-European context4. The genome of poplar has recently been sequenced 

which increases the possibility to develop new varieties (Sannigrahi et al., 2009). The main barrier for 

                                                           
4 http://webh01.ua.ac.be/popfull/index.php?lang=nl 

http://webh01.ua.ac.be/popfull/index.php?lang=nl
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implementation is currently the questionable economic viability of short rotation coppice cultivation for 

energy production (Aylott et al. 2007, Kasmioui and Ceulemans 2012, Kasmioui and Ceulemans 2012). 

The short rotation coppices have long rotation cycles which increase the investments risks (Venendaal et 

al., 1997). Improvements in harvesting techniques and higher biomass yields are needed to make growing 

short rotation coppice more attractive for farmers.    

4.7 3rd generation biomass 

This section will describe more advanced sources of biomass often referred to as 3rd generation 

sources. Algae are among the oldest living organisms on the planet and hold great potential for the 

development of biofuels. There are an estimated one to ten million species of algae which can be 

categorized into two broad categories, macro algae and micro algae. Traditionally algae have been grown 

for human consumption (proteins) but in recent decades interest has shifted to the development of 

biofuels and chemicals (Aitke and Antizar-Ladislao, 2012). The benefits of algae are that they can have 

higher solar conversion efficiency and carbon fixation rates than any terrestrial plant (Ratha and Prasanna, 

2011). The growth rates of algae can be very high; some are able to double their biomass in 3.5 hours 

(Brennan and Owende, 2009). Microorganism such as algae and bacteria can produce biomass year round 

and have a very short harvesting cycle which allows the continuous production of biomass (Singh and 

Dhar, 2010). They can therefore generate far greater yields than any other biomass source. No herbicides 

or pesticides are needed and limited amounts of water are required. They can be cultivated on non-arable 

lands and also be designed to produce valuable co-products (Brennan and Owende 2009, Singh and Dhar 

2010, Ratha and Prasanna 2011). These attributes make microorganisms an attractive source of biomass 

for fuel and chemicals.  

One possibility would be to use macro algae such as brown seaweed or duckweed for biomass 

production (Williams and Laurens, 2009). Seaweeds can be cultivated in open sea, for instance in 

combination with off shore wind farms (Carlsson et al. 2007, Kraan 2010). However, limited research has 

been done on the use of seaweeds as a source of biomass in Northern regions. It is currently expensive 

and advancements are needed in plantation establishment and harvesting techniques to make this option 

economically viable (Hughes et al., 2012, Wei et al. 2012). Research for biomass production has focused on 

the use of micro algae which are small primitive plants which have no roots, stems or leaves. The most 

important species of microorganisms under investigation are algae and cyanobacteria. The algae are 

classified as autotrophic, heterotrophic or mixed algae species. Autotrophic algae only require CO2, salts 

and light to grow, heterotrophic algae are non-photosynthetic which means they require an external energy 

source and nutrition e.g. glucose to grow. Mixed algae species are able to use light as well as an external 

source of energy to grow. Cyanobacteria are autotrophic requiring only sunlight and CO2 to grow 

(Brennan and Owende 2009, Singh and Dhar 2010).   

Multiple production methods can be employed to grow microorganisms depending on the 

characteristics of the species used (Williams and Laurens, 2009). They can be grown using natural sunlight 

or via fluorescent lamps. The use of lamps makes continues production possible but also increases the 

energy demand of production. Algae can use the CO2 available in the atmosphere for growth but can also 

tolerate and use much higher levels of CO2. Additional CO2 can be introduced into the growth media to 

increase production rates. Nutrients such as nitrogen and small amounts of phosphorus and silicon are 

also commonly added to increase algae yields (Brennan and Owende, 2009). These nutrients can 

potentially be obtained from waste streams providing a low cost source of nutrients as well as a method of 

waste water treatment (Koller et al., 2012). Photoautotrophic algae are the most economically feasible 

species for large scale production.  

Two production systems can be employed to grow algae, an open pond system or a closed photo-

bioreactor, see figure 4.7. Open pond systems are the cheapest form of algae production but the system is 

vulnerable to biological contamination and less efficient than closed photo-bioreactor (Brennan and 

Owende, 2009). To reduce the risk of biological contamination extreme culture condition e.g. high salinity 
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can be used to limit the number of natural occurring organisms in the media (Ratha and Prasanna, 2011). 

Closed systems permit the cultivation of more sensitive single-species for longer periods of time. Hybrid 

systems have also been developed. Heterotrophic algae can grow on organic materials e.g. glucose in tanks 

independent of light. They have good conversion efficiency and can be grown using simpler equipment 

but require more energy input due to feed requirements. This also significantly increases the cost of 

production. Mixotrophic algae are able to use photosynthesis as well as ingest organic compounds. These 

algae show improved growth rates and could become an important part of algae production in the future 

(Brennan and Owende, 2009).  

 

Figure 4.7: An open ponds system for micro algae production (left) and a closed photo-bioreactor (right). 

 
Source: Williams and Laurens, 2009 

 

Once the algae have been produced they need to be separated from the growth media. The 

downstream processing of algae is costly and complicated (Parmar et al. 2011). The main components of 

algae biomass are carbohydrates, proteins, nucleic acids and lipids (Williams and Laurens, 2009). The 

primary products of interest for biofuel production are lipids (Brennan and Owende, 2009). Lipids serve 

as an energy reserve for algae and are similar to seed-oil, they can be easily converted to biofuels via 

transesterification (Williams and Laurens 2009, Day et al. 2011). The separation of the useful materials 

from the aquatic media is however challenging and can account for 20-30% of the total production costs 

(Brennan and Owende 2009, Lam and Lee 2011). Centrifugation is the most commonly used method in 

research projects but other methods such as flocculation and ultrasonic aggregation, filtration or flotation 

are also possible (Brennan and Owende 2009,Williams and Laurens 2009). Immobilization technology 

could also provide a cheap and energy efficient method of algae harvesting but more research is needed to 

develop the technology (Lam and Lee, 2011). After separating the algae from the growth media the lipids 

need to be extracted. The cell wall of algae is relatively thick which completes the extraction process. 

Different methods can be used such as solvent extraction or supercritical fluid extraction e.g. with CO2 

suited for wet biomass streams. Chemical solvent extraction is the most common method although highly 

toxic substances are usually needed. Super critical fluids are more environmentally friendly but the process 

is more expensive (Lam and Lee, 2011, Lee et al. 2012). The byproducts of production (non-lipid biomass) 

can be used as a source for human nutrition, animal feed or bio-fertilizer or further processed via e.g. 

pyrolysis or gasification into bio-oil or fermented e.g. into ethanol (Brennan and Owende, 2009, Lam and 

Lee, 2011). 

The large scale production of microorganisms for biofuels is currently not economically feasible. 

There are multiple issues such as high costs, low yields and production rates, costly harvesting and 

processing steps which impeded the scale up of algae production (Brennan and Owende 2009, Williams 

and Laurens 2009, Amaro et al 2012). The energy demand for algae production is mainly determined by 

the nutrient source, reactor design, dewatering and drying processes and lipid extraction. Substantial 

amounts of nitrogen are usually needed to grow the algae leading to higher energy demand of the total 

production process. Cheap and environmentally friendly sources of nitrogen will be needed for the large 


























































































