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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 stabiliffypical aromatic compounds are benzene and toluene

Bio-based:A material made from substances derived from living (alivingg organisms
Bio-refining: A process ofefining 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 thgbuyphotorespiration are high.

C4 plants:C4 plants, which inhabit hot, dry environments, have very higluseagdficiency, so that there can be
up to twice as much photosynthesis per gram of water as in C3 plants, but C4 metabolism is inedfigient in sh
cool environments.

Catalytic processesA process using a catalyst to increaseatidnef achemical reactiorthe catalyst is not
consumedand can often be reused.

Cellulose: an organic compound with the formula (C6H1QGbpolysaccharide consisting of a linear chain of
sever al hundred to oveglucosanits t housand A(1¢4) | inked D

De-carboxylation: achemical reactigdhat removes a carboxyl group from a molecule and rekmdses
dioxide(CO2).

De-hydrogenation: A chemical reaction that involves the removaydrfogerfrom a molecule.

De-oxygenation: achemical reactianvolving the removal of molecular oxygen (O2) from a reaction mixture or
solvent, or the removal oxygeratoms from a molecule.

Enzymes: Large biological molecules which actatalystdor accelerating both the rate and specificity of
metabolic reactions, from the digmsof food to the synthesis of DNA.

Esters: A functional group produced from the condensation of an alcohol with a carboxyliheycidre
characterized by a carbon bound to three other atoms: a single bond to a carbon, a double bond to armoxygen, and
single bond to an oxygen.

Etherification: The process of making ether by the removalof alcoholdrom products byreactingit
with sulfuric acid

Fermentation: The conversion afugato acids, gases and@coholusingyeasbr bacteria

First generation sourcesSugars derived frorodd cropse.g.sugar aae, corn, wheat, and sugar lveldth are
used for the production of biofuels.

FischerdTropsch synthesis: A collection othemical reactiotisat converts amixture ofcarbon
monoxideandhydrogerinto liquidhydrocarbons

Glucose: An organic compound of simpheonosaccharideund in plantsvhich hashe following molecular
formula GH120s. Glucose is a C6 sugar mainly used as a raw material for ethanol production.

Hemi-cellulose: An organic compound of several heteropolymers dogtaivany different sugar monomers
includngxylan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan

Hydrolysis: The cleavage of chemical bonds with the use of water as a reaction medium.
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lonic liquid: A salt in liquid state largely mad®on§and shoHived 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, wteres, sfatsoluble 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 compounglith thechemical formul&@Hs which is the simplesilkaneand the main
component ohatural gas

Monomers: A molecule that may bind chemically to other molecules to form a pealgmeatural monomer
isglucosevhich can bind into polymers sucleeltulose

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.

NOXx emissions: A generic term for monreitrogen oxides NO and NQ@itric oxideandnitrogen dioxie
emissions.

Oleo chemicals:chemicalslerived from plant oils or aninfials
Pectic substancesStructural heteropolysaccharide contained in the primary cell walls of terrestrial plants.
PJ:Petajoules which is equal to'ifoules.

Second generation sourceBiomasderived fromlignocellulosic 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 inghe&lowin

SNM: Strategic Niche Management

Supekcritical fluids: Any substance atemperaturandpressur@above itgritical point where distinct liquid and
gas phases do not exist.

Syngas:Also called synthesis gas,fissagasnixture consisting primarily lofdrogencarbon monoxideandvery
often somesarbon dioxidelt has a lower energy density thatural 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: Anesterderived fronglycerobnd thredatty acids Saturated compoundse saturated with
hydrogenUnsaturated compounbave double bonds (C=C3tiween 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 theatecular formula C5H1005, 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 continuoealinigoover the past centuriasssil

fuels are the main source of energy driving the growth but this dependado®yiso urgent problems

e.g. bmate change. There is now a general consensus that the economy should move to a more
sustainable diresh. Biomass is seen as an important alternative energy sourcereseiviedsmuch

attention over the past decatlee intensified research into the utilization of biomass has led to a large
array of technological solutions. Tasearch is conducted tbe Arbor project which aims to accelerate
thesustainable use of biomass in North Western)(EWope. The project is in need of an inventory of

the innovations able to develop the biomass potential of E(clopeter og). 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-iands owictahlilne da o6cleorctkai n t echnol ogi cal s
alternative technologi@hapter twp The perspective of SNM is used to analyze the utility of biomass
technologiesThere arevto main researeholsused to identify the most promising niches in the field of
biomass utilization. A systematic review will be performed to identify 1etiedymops suited for
NW-Europe 2) promising biomass conversion technologies and 3) possible targes éheigal

refining. Additionally, the methodology of a PESTE®litical, Economic, Social, Technological,
Environmental and Legalhalysis is used to identify the trends in the macro environment which affect

the implementation of biomass technologieapter thrée The two streams of research will be used to

draw conclusions about the most favorable technological pathwaysEardpé/

Biomass is often categorized in first, second and third generation biomass setrgesertion

sources refer to foextops such as maize, sugar cane and rapeseed, these crops are currently the main
source of biduels. Yet,lte crops are generally grown via intensive agriculture and the greenhouse gas
emission savings achieved bgeHaels appes to be limited in most casescond and third generation

sources are considered to be more sustainable sources of Keouwss generation sources refers to
lignocellulose biomass which pignt mattercomposed out of three main compdeenellulose,
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, SwitchMjszssthog.

Residue streams are currently an itapbsource of energy for Europe e.g. via tH&ieg of biomass

in coal power plantslowever, the available amounts of residues are not expecteds® signifacantly

in the future Dedicated energy crops are needed to considerably increasaihbiktysof the energy

supply in Europe via the utilization of biomass. Willow, Switchgrass and Miscanthus are second
generation biomass sources suited for Northern Eurbpecropsre able to achieve relative high yield

with low levels of input. Hower, the processing techniques to ddiquéd fuels and chemicals from

these sources are currently not commercially available. Third generation sources such as algae and bacteri
are able to achieve the highest yields of all sources of biomass.dl@gritsomassource for large

scale bioenergy productidlut many improvements are still needed to make phaiiuction
commercially viabl®Vastestreamsarecurrently the mostosteffectivesource of biomass and can be

used to increase tlevel ofbiomasaitilization in Northern Europhapter foux

Second generation sources are seen as an important future source of renewable energy by the European
Union. Yet, lignocellulose biomass is much more difficult tospritan first generation sources- Pre
treatment is required to make the biomass suited for conversion. Thermal conversion techniques require
only limited prareatment. Chopped biomass can directly be used in gasification and pyrolysis technigues
(moister content below 20% or combusted to generated electrifitypister contenbelow 50%

Additional prereatment processes such akepsation orarrefaction 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
biologcal 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 foethieat (acid) or biological (enzymes) hydrolysis
process. There are three main categories of pretreatment technologies available to make biomass suited
for a hydrolysis process.physicechemical, chemical and biological treatment (Menon and Rao, 2012)

An importantaspect in the ptr@atment process is theparation of lignin from the biomassausé

increasethe efficiency ofhe fermentatiorprocessThe dluted acicand stearexplosion processare
welldeveloped concepts and good wmhatds dér biomass pretreatmeAidvanced processgsch ashe

use ofionic liquids,biological or pulseélectricfield (PEF) pretreatmesrte also being developed.

However none of the prreatment processes is currently commercially ayafieidea majobarrier

for the implementation of second generation biomass s@heer five

The conversion of biomass into higher value products such as liquid fuels and cherinéalshieved
viathree main mechanisms i.e. chamthermal and biologicahversionAn important aspect in choice

of conversion technology is the chemical composition of the original feedstock and the intended product
applicationBiological conversiamethods arenainlyused foithe production ofteanol whereas thermal
conversionmethods areable to produce a wider range of produdti® economic viability dhe

biological transformation of second generation soumesastiyhindered by a lack of microbes able to
ferment norglucose sugars dnethanol as well as the lack of effective pretreatment methods. Thermal
conversion i.e. pyrolysis and gasificatioprasentlyhe main conversion methods for second generation
biomass sourcesg. agricultural residues or Switchgrmssgever, 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 theymarsiortechnologiesincebio-oil and syngas
upgading technologies are cuathe not commercially availabléhe greatest potential to reduce the
processingcost of second generation biomass sources can be found in biological transformation
technologiesyet, due to the different end produgsteducedoy the conversion technologies it is likely

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

petrochemical mark@hapteisix).

Biomass can serve as a raw material folydmergan also be used to derivechiemicals. There are
more than 300 chemical compounds which potertilig be produced from bioma3$e bic
chemical industry is still in its infancy and has not yet been able to identify the -eftstta@sbio
chemicals to produce. The technologiesaiebio-chemicals are still developing which makes it difficult
to predict which compods will become the most popuBmme biechemicals can be directly separated
out of biomass but most compounds are produ@edhe biological, chemical or theroshlytic
modification of seedils, animal fa sugars, glycerol or ethanol. The production of ethylene from ethanol
is a well advanced process and is commercially developed in regions with a large etlyaad.industr
Brazil. Glycerol is the main byproduct of biodiesel production from semdlGitslative low cost raw
material fora range obio-chemical produst The potential of the bithemical compounds: lactic acid,
succinic acid, levulinic aciekiBIF, furfural, sorbitol and xylitate alsaliscussedrhe development of
bio-chemicalndustry can ban important step for the biofuggctor The sale of highealue chemical
compounds can increase the econaaigility of biomass refineri@he lack of feedstock and cost
effective conversion technologies currently limits the development of a large dwataidabindustry.

The most viable short term sé@y is to convert biomass into higher value functional products such as
food additives, cosmetics, lubricants etc. for which there pegrochemical alternatiyelsapter sevén

The PESTEL analysis framewseékve as dbasis for identifying the macro environmental factors which
influence the patterns of innovation within the biomass sEatohiofuel sector in Europe would not
have existed without the financial support of governmenisieBimffer a politically sle 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 arer@asingly scrutinized under pressure from organizations and individuals as
well as the current economic downturn. Furtherrimyeenational competition is making it more difficult

for famers in Northern Europe to be competitive in the biofuel mahegreatest potential for biofuel
production can be found in tropical regions. The favorable climatic combined with cheap lands and low
cost labor makes them venjitable for biofuel productiowind and solar power are vastly becoming

more cost competitiieut sunk cost make a quick replacement of the currently infrastructure difficult.
The o-firing of biomasdor electricity production is likely to remain a cost competitive source of
renewable energy for some time. Rbrewhle Energy Directive 2009/28/EQf 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 sedtpid fuels are importantarket 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 ctiraesportatiorsystem but are much harder to
implement wideliofuels are a proven technology and an alternative source of liquid fuels which can be
implemented on a relative short time gchbgpter eight

Strategic Niche Management (SNM) provided the theoretical background stoidyhd=rom the
perspective of SNigecondgeneration sources arestly anincremental innovation compared to first
generation sourceBhe technologicapportunitiesare moderateéhesector is heavily dependent on the
support of governments and the ismvmental benefits are relatively sfpallagraph 8).7Numerous
innovations and support policies are still needed to make large scale energy produttidiczredn

energy cropsconomically viablerom the persmtive of SNM, the development of agricultural based
biofuels cannot be considered an effective policy for steering the economy into a more sustainable
direction Projectdased on the use whste streams or agricultural residues do meet the crigdtid.of

Using waste streams as a feedstock does not compete with food production, has low feedsaock costs
deliver clear environmental beneditsl can be used as a means to deal with Wastproduction of
bio-chemical e.g. from residues streams acaded crops is also a niche market able to meet the criteria

of SNM.The biechemical production is still in its infancy and theraapetechnological opportunities

for improving production methodgzocusing on bigchemical production in NAEurope isa sensible

strategy since the lower biomass yields in Northern Europe will make it difficult for large scale bioenergy
production to become competitiféne multiple technological pathways which can be expiodedive
bio-chemicalsnake it possible toaate a diverse portfolio of solutiomkishelp 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 gmdae foo increasing the
sustainability of liquid fuels, have glesahing opportunitieend are well aligned with needs and values
present in societlt can be concluded thstipport policies should not be aimed aagreultural based
bioenergyut & developing more radical alternative energy technologies.-Gihentical sect@nd the

use of waste streams ldave good potential a NW-European context and amell suited for SNM

policieqChapter nine
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Chapter 16 Research context

1.1  Introduction

The demand for resources and energy has been continuously increasing over the past centuries. The
two maindrivers 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(@smirpas, 2009plants and
animals were the most important sources of energy Hefonedustrial revolutiorFossil fuelare
currentlythe 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 t8® atmosphere causing a shift in the
dobal 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 tgoply 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 industyials&oci
natural resources. However, many of the more environmentally friendly methods of padiictsn
renewable enerdave difficulty competing with conventional production processes. The additional costs
of more sustainable production cycles snikge scale implementation of these technologies difficult
(IPCC, 201puge n

This research will analyze the possibilities foutieationof biomasso provide industrial
resourcesThe utilization of biomass has received much attention oversthédepade. Researcher
compangés and governments e.g. EU 2005S# 201Mave intensified the research into the use of
biomass. This has led to a large array of technological solutions and potential uses Mfibienoass.
papers, articles, books gumiicy documents have been written concerning the use of biomass (e.g. Tabak
2009, Octave and Thomas 2009, Tahergtoal2009, IEA 2011). However, many of these documents
focus on a single asphikebiofuels and do not pvide an irdepth account oalternative 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 dedille 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 ispecifically conductefr the Arbor projectwhich aims to accelerate the
development of the sustainable usdiomass in North Westemurope (NW-Europg. It involves
organizations from the UK, Ireland, Germany, Luxembourg, the Netherlands and Belgium. The project
intents to fosr knowledge transfer between {EWopean regions and reduce the barriers for the
implementation of technologies transforming biomass into useful products (Arborh20d8jversity
of Wageningen is asked to work ofinaovation watch” to be able to track the system, process and
product innovations that are known, expected and d&sieegroject is in need of an inventory of the
innovations able to develop the biomass potential of Europe in a sustainable maknber. Jiogect is
interds to provide useful intelligence to policy makers to help them develop plans for the sustainable
utilization of biomass in N\Europe. The objective of the research summarized in the following
statementd To ¢ o nt rlopment of effective golities fadl ldomass utiliEatioparbifoviding an
inventory of the current and future innovation f

The theoretical background for the study is the doot&trategic 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 proposs that these niches need to be shielded from market pressures in order to give the
technology time to maturEhe utility of the biomass technologies will be analyzed from the perspective
of SNM. The research will use two tools to identify the most pngnmghes 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 NBUrope. Secondlthe PESTEL analysis will identify the trends in the macro
environment whit can have an effect on the implementation of biomass utilization techridlegies.
two streams of research will be used to draw conclusions about the most favorable tephtiolayisal
for biomass utilizatiolm NW-Europe Figure 1.1 depicts the reshdramework used for trstudy A
research framework is a schematic representation of the stepsmeetmve the objective of the
research{Verschuren and Doorewaard, 20T@g first part of the research framework represents the
steps needed to penn a systematic iew of the literature. The secquait of the research framework
depicted the PESTEL analysis conducted for the research.

Figure 1.1: Regeh framework
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The review will start with an analysis opthesible sources of biomass WW-Europe. This will
be followed by an analysis of the major industrial applications of biomassenerghi@ndhe
production ofchemica The technological progressl economic competiveness of the methods used to
producethese products will be asses$beé second part of the research lvéla PESTEL (Political,
Economig Social, Technological, Environmental and Legal) analyssegternamacroenvironment
of biomassnnovations. The results will be combineii¢ntify those bioma#snovationsvhich have
the potential to make theezgy and chemical production in Nopesignificantly more sustainable.
The central research questifmm this study isbWhat is the most effective strategy tosustaiasdititye of
energy and chemical productionWeshorthEurope via the utilization of Bibmagsestion will be
answered via the followigghresearch questio(ly Based on a systemic review of the literature what are the mq
favourabkxhnologies for biomass utilization in terms of sustainability, costs and po&iBlessounoes of revenue
PESTEL analysis for biomass utiliz&ddREuarope, which external macro developments are likely to affect
implementation of biatiiassion technolo@gBased on the results of sub research question 1 and 2, what are
most favourabletsgbiaical trajectories for the utilization of trenbadrimekiéPotope?
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12 Biomass as a sustainable resource

Multiplealternative forms of alternative energy production methods are currently beingddevelop
e.g. solar and wind enerBiomasshoweveris the only sustainable source of energy which is able to
produceelectricity liquid fuels as well as the raw materialghf® chemical industry. Biomass is a
renewable resource and seen as carbon neutral because during the growth of plant matter organisms
absorb C@ The combustion of the organic maléads to the san@0O, emissionaswhen the material
is degraded by mahl processesThis means no additional £© 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 (Bhap$e?’12). For these
reasons the utilization of biomass has received much attention from national and international
governmental organizations (e.g. LNV 2007, EU 20IROHES2012). The term bibased economy is
often used to describe a future basedhe 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 resowmesedthe
of bio-refineries, analogous to petrochemical refineries, is used to describe the phadlitetsfior
fuels and chemicalsrided fom a biomass feedstock (e.g Kamm and Kamm 2004).

In Europe the bigefining sector is still in its infaneyglahere 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 southAmerica was around 75 billion l&eksowever, the use of dedicaeedgy crops
which have traditionally been used to prothamt is cause for concermeélsocial 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 enthusidsnefere s o cal | e
g e n e r a {ueloimAsia &d Burope 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 ofehfuels are not easily determined (Gnansoehal 2009). Moreover,
cultivating e.gpalm oil in Malaysia on converted rainforest might actually increase the amogimt of CO
atmosphere (Ghatak, 2011).

The global demand for biofuels has more than tripled since 2000 largely due to governmental
support programs (Sirasal 2008, Urbanchuk 201R).Europe the most notable biofuel is the biodiesel
produced from rapeseed oil in Germany. The governmemaitquegram 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
expensivenehod of increasing energy security, provide only limitedn@€sions savings, can increase
global food prices and can have negative environmental consequence such as deforestation or water
depletion. These concerpface limitson the implementation ofhese technological options a
European contexSimset al 2008).

The cumul ative concerns over 6first gener at
devel opment of bi ofuels from other sour ees. Re
agricultural residues and woody biomass and o6t
production of fuels and chemicals (Ghatak, 2011). The most ideal source ofsbiommastiyto utilize
the existingvaste streams so that the patii of fuel and chemicals does not compete with agricultural
lands. However, in many regions these supplies will not be sufficient to meet the déargmddale
production(Bentsen and Felby, 201Phe use of noffiood crops, i.e. not containing iBaaccessible
sugars or odndwith much higher yields per acre, will be needed in ordekéoa 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/benergie
2 http://ethanolrfa.org/pages/WorldruetEthanotProduction
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security depending on tpeoductivity of the crops. However, lignocellulosic biomass i.e. plant matter
composed of cellulose, hemicellulose, and lignin, is much more difficult to process than ti®@isigar an
derived from food crop&Jsually there are more intermediated stgpéred to produce a useful product
from the lignocellulosic biomass making it more costly and technologically challengingl (S098).

A multitude of different conversion methaal® currently being researched. The biomass can be
processed via these of physiddhermal methods like pyrolysis, with the use of microorganigiths
chemical treatment by a combinain of these methodBemirbas, 2009).

Currenly thesecond generation biofuels are not competitive and there is no clear technological
or commercially preferred route to process second generation biomass into useful proceictd (Sims
2008). There is still a large technological gap between refining oil based hydrocarbon and the refining of
hydrocarbons derived from biomass due tdoities on oil based hydrocarbons during the past century.
One important aspect of the future economic viability ekebiweries will be there ability to coproduce
multiple products. Biofuels are a high volume but low value product making refinezteXotusvely
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 aedi@@ons. Since biefinery projects
are largely depended on governmental support, wtadsaisterested in energy security and, CO
reductions, a combination of biofuel and chemical production seem to be the most favorable route to
follow in Europe (Bzell, 2008). The major implementation of these technologies will take at least another
decade (Sinet al 2008).

The implementation of third generatiorniiels will also take at least another decade. Although
there is currently much interest in flakl, a lot of research still needs to be done to be able to produce
fuels and chemical fromicro-organisms likalgaeon a commercially viable scale (Venter 2012, Daroch
et al.2013). Biomass holds a great potential as a sustainable source ofchezhiaats but major
investments are needed in order to lay the ground work for a fufbasdioeconomy (Sietsal 2008).
However, due to the high uncertainty within the field and the large array of possible technological
solutions under developmentsi difficult for decision makers develop effective policiesriggard to
biomass utilizatiotit is therefore important for policy mak&rsontinuouslyrack the developments in
the field to be able tnake decisions based on the laisi&jhts antechnological developments.

13 Concluding remarks

Alternativeenergysourcesare requiredn order to provide future generations with the energy
neededo livea prosperous life. Biomass is seen as an important natural resource for the future energy
supply becausedan be used to produekectricity, healiquid fuels as well as provide the raw materials
for the chemical industry. Potential sources of bimamass usually classified as
generationd or 6third generation® sources. Firs
food crops such as sugar cane or corn. There has been a lot of criticism on these soursssdofbioma
to their impact on food prices and relative low environmental benefits. Within the European Union the
focus has therefore shifted to O6second generat.
generationd i.e. m arces. Ruethesmore, the EUsdeveldpedislstaimabildyriteriee s 0 u
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 renewalhlbisfugise
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 adeaefrgat r
in biomass processinthe sustiable 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 aboutnthstaterref
affairs in the field of biomass utilization. This research intends to contribute to the Arbor project by
providing an overview of biomassurces and processing techniquesbgridentifying thehemical
products whichauld be derived from biwass.
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In the following chaptetheoretical background of the reseamohtext will be discussed in
further detail. Theoretical perspectives on innovation are discussed as well as the intervention strategy of
proposed by SNM. Chaptareewill discusshie methodological approaches of a systematic review and a
PESTEL analysis. The research protocohisill bgoresented. In chaptive asystematic review tife
possible sourcelsiomassin NW-Europe is presented. The availaplieetreatmenttechnologiedor
biomass are discussed in chapter six. Chapter seven provides an overview of possible conversion
technologies for biomass. Possiblech@mical products are presentechapter eight. The chapter will
all conclude with a discussion on the nfagburdle technologies for each stage in the product chain.
The PESTEL analysis is presented in chajterandvill form the basis for answering the second sub
research questiofihe chapter will conclude with a synthesis of the results of the literatwrame\tee
PESTEL analysis to answer the third research question. The results will also be related to the theoretical
background of thewwdy to determine ifNM can be applied to the biofuel sector. In the final chafpter
the research the main research question will be addressetbiacidsion will be drawn on possible
biomass utilizath strategies for N\Europe.
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Chapter2 & Theoretical background

Innovation is one of the main drivers of economic progress and an important factor for the successful
implementation of more sustainable production met{d®ot and Geels, 2008)he drivers of
innovation have been researched by sshofamanagement studies for sevdemiades. Multiple
framewaoks, e.g. competitive forces adghamic capdlties or resources approachkaye been
proposed to conceptualize the ability of firms to gain a ctivepadivantage based on their technological
capabilitiegTeeceet 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 thendymaf 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 immowetd the need to implement SNM
policies.

2.1 Patterns of technological innovation

The study into innovatiohe. why some technologies succeed and others fail to ¢catuh lom
divided in two broad schools of thought, the economist and sociologist perspectives. The approaches
differ in the sense that economists tenzbteentrat®n economic factors while sociologists emphasize
the social forces that shape technologhealgeT he focusof this research will fm: the theories which
explain innovations patterns on the basis of social interactions rathecoth@mic logic opure
engineeringThe economic perspective on technological clenggnly based awo-classialthinking
The most important assumptiorthat 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 equilibriutates 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 esrspenticep
(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.

Evolutionay Economics (EE) was developed in response to theseritizid recognizeikat
decisionmakers 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 &adige pressurg®ruun and Hukkinen 2003, Raven
2005). Technological change is not considered to be completely racdosenmovation tends to
cluster around certain problems ardtiems i.etechnological paradignThis restricts the imagination
possibilities or creative processé®organizations and can lead to the developmestiandlardized
technological trajectories (Dosi, 1982). Nelson and Winter introduced the closely related concept of
6technol ogi cal regi me sd tedchmciars,oengineefst soiemtists and detidioe ¢ o
makers which determine what kind of innovations are developed dKeh#998). The alignment of
cognitions around certain technologies can limit the ability of actors to consider the development of
akernative solutions.

Two of the patterns of innovation distinguished by Schumpeter are instructive for understanding
how such a technological paradigm or regime can emerfijest Ththepatternof “creative destruction
whereby new firms introducewnéeas 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 isr@rasohét al.2000).

Duringthe process afeepening 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 signiiat 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 mahieetotitines of the dominant actors act

as a powerful barrier for new players to enter the market (BteatRi000). Societies can become

0| o€ k é d -ppuimalstectinological trajectories because incumbent firm have huge advantages e.g.
political rength, 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 innovatidmrtoedmorethere 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. Usuedly technologies diffuse slowly at first or fail to catch
on entirely due to problems with implementation and institutional aligRanesm and Verbong, 2007).
Incumbent firms are thought to be reluctant to introduce radical innovations for threasmasn1nethe
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 existingchnologies 3) the organizational routines are geared towards
incremental innovations since radical innovations are ditfistlly and risky (ChandydaTellis, 2000).

It is suggestethat large firms are more prone to inertia due to their geatkerf 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 willind to accepte
radical innovations fromstablished firms. The firngve 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 incen 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. Tecial @struction of Techri®6G@yT) argues that technological change is
the result of a social processes rather than aliegical or economic logic (Bruun and Hukkinen, 2003).
Initially people view the utility of artifaetg). a product or service, in many different ways which leads to
multiple interpretations of its use. However, when one or a combination of interprbttammes
domi nant , controversies about the design fade &
develops in which meaning is attributed to a certain technology. The nature of technological change
depends on the technological frames whitbhusu the technology. If no single frame is dantithan
problems are addressadan unbiased way and there is more room for radical innovation. However, in
the presence of a dominant technological frame innovation tend to follow existing pattiekisgof th
(Bruun and Hukkinen, 2003). The notions of technological paradigm, technological frame and the concept
of technological regimes can explain why sechalical systems tend to change slowly (Betsahi
2000, Lovell 2007, Nill and Kemp 2009).

Joecific 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 thatated teltheir own activities (Raven 2005,
Letenet al2010.) 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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(Breschet 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). Theseidheon technological development emphasize that
technological change is not random but has a structured nature i.e. it tends to follow recognizable
patterns. Dominant actocanc r eat e a st abl e O6technol ogi cal regi
cognitions and innovation activities are aligned to their activities (Bruun and Hukkinen, 2003). The result
can be a “loek” in a suloptimal technological system even though other technologies exist which
provide a higher net social benefit (Nill and iKe2®09) Patterrs 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 managem@niM) has been proposed apolicy instrument to escape from a
0loold by stimulating the d.eThsdsearphmdl nse SNVito amdlyree r n at
the utility of the biomass innovations discussed. Furthermore, it can be used as a basis for the
development dfuture Arbor projects. SNl be defined as (Kerapal 19980t he cr eat i on,
and controlled phatsef protected spaces for the development and use of promising technologies b
experimentation, with the aim of 1) learttiegdaboability of the new technology and 2) enhancing the furt
devel opment and t he r.8NMeis baskdoa imgights fomm thé SCEHaod t he |
constructive technology assessment (CRAyeh 2005, Verbongt al.2008).It is intended for
technologies which are socially desirable on-tetomgnd constitute a radical novelty faced by market
barriergSchot andseels, 2008The main premise is that radical new technologies teaddaweloped
on a small scale beforeyttare 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 innowvateEms2@5Places to test a
technology, to create networks, stimuégming andhe develoment of proto-markets to jurmystart
innovation.

SNM focuses on developing and supporting niches of promising technologies to stimulate
experimentation and learg around social desirable technold§iesot and Geels, 200B¢chnological
niches can be temporarily shielded from market pressures by subsidies or private support because of
potentially high economic or social retutbgeriments can bridge the dagtween variation and
selection pressures leading to a more rapid diffusion of alternative technologies (Raven, 2005). SNM
recognizes that policies might have to be adjusted fiacthef changing circumstanceghérefore
focusses on organizing theiaton and selection pressuaesl not on specifiechnologies (Nill and
Kemp, 2009). It is not intended as adown technological push strategy with a set -afgbireed policy
goals. Rather, it is meant as a dynamic tool focused on the policyiptexaass/e learning, networking
and institutional adaptation (Raven, 2088M can be used by governments tan also be
implemented by NG®or other societal groups (Schot and Geels, 2008).

SNM strategies can be developed with the following intenveycle: the choice of technology,
the selection of experiments, theugebf 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 effectiveFirst, it needs to have major technological opportunities. Second, it must exhibit increasing
rates of return or great learning opportunities. Third, it mustimgpca t i bl e wi t teeds mpor t &
and values that are already present in society., Finadlgds to é an attractive option for various
applications in the current market. The raxgat should preferably be gptin an environment where
the user benefits are more important than the additional cost of investment e.g. large emissions savings.
Furthermore, to stimulate the-eeolution of technology it is important to explore a variety of options
simultaneously (Kep et al.1998). The selection of projects must be based on a vision for sustainability
and the interest of the local stakeholddnm®elnternal interactions are identified as important factors in
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successful niche developm@hiThe articulation of edistic expectations and visions which are relatively
specific ad shared by a number of acto?s.The building of social networks which are broad and
characterized yhigh level of commitmen) The level of the first and secesrder learning e.gn

technical aspects, design specifications, market and user preferences, cultural and symbolic meaning,
infrastructure networks and environmental eff8ctsot and Geels, 2008)

In order to generate selection pressures SNM measures shoplérentedemporaity. The
policies must be based on the specific barriers that are faced by the technology which is supported (Kemp
et a).1998)The example of the Dutch wind energy sector showeddlgarerous subsidies can lead to
technological stagnation.bAlance needs to be sought between creating stability for investors and the
objective of evolutionary technological developr{iitit and Kemp, 2009)Niches can become
successful if there is a pattern of continuous and parallel developments leadagtabititg around
the technology (Raven, 2005). SNM has shown to be useful for stimulating pesressgsthe
facilitation of networking angreparing technologies for market introduc{Raven 2005, Nill and
Kemp 2009).

Empiricalexperiences witBNM are scarcend some wefirepared niche strategies e.g Swiss
electric cars, have not led to a wider implementation of the techBNlgidas been criticized for being
too simplistic, too much focused on a bottomspproach and neglecting wider societal trends (Raven
2005, Nill and Kemp, 2009). The positive feedback generated by experiments was weaker than expected
(Raven, 2005). Withoutider 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 inimittaantdsocigkechnical
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 scord withoutthe need to implement structural changes. The inclusion-gbvenmmmental actors is
therefore important to maintain the integrity of the process and make sure it ifotudeedn
structural changes (Lovell, 2007).

The measures implemented duringlalsé decades to support the introduction of renewable
energy technologies in the Netherlands were analyzed by \érbt2@08). The support for niche
innovations is initially characterized by high expectations. Innovators make high promisés to attrac
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 prospedttalsacceptance 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 toadically 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 renewaldg wwmologies for over 30 years.

Yet, the Netherlands still ranks low on the implementation of renewable energy compared to other
Europe countries (Verboegal 2008). Experiments have usually been too isolated events not connected
to a broader stragg. 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 addresSmihdt and Geels, 20085 astandalone policy instrument SNM
appears to be insufficient to significantly alter a stable régber @nd Rohracher, 2012shauld be

part of a wider and tegraéd evolutionary approach providing long term support for sustainable
innovation (Nill andkemp, 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 andhiedustry.
perceptive will be used in this research to analyze the potential of theutiaasa technologies to

steer technological development into a sustainable direction.
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2.3 Concluding remarks

The theorie®n innovatiorpresented in this chapter all point to ways in which technology can
become -itnléociknedcertain innovation patterns. Tech
supply and demand model which moves markets to equilibrium but results from tixeirtenagkion
between economics, technological developments and societal preference. The linkages and interaction
between actors at the level of nicheshe dominant technological regime and the macro environmental
forces, over which individual actbese little control, influence the speed and direction of change. It is
therefore important to look beyond simple imquiput relations in order to effectively steer
technological development into a more sustainable direction (Nill and Kemp, 20&$%. Nbtree
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 allestimulate learning and the formation of networks around
technologies. However, the approach has been criticized for being simplistic, too much focused on a
bottomsup 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 amebéaheterm 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 direEliensuccess of biomass 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 8 Methodology

The concept of Strategic Niche Management has been proposed as an instrument to accelerate the
introduction of sustainablegoluction methods. The aim is to lower 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 ustme methodology of a systematic review to analyze which technologies for biomass
utilization provide high net social benefits andhaieeligible for supportA systematic review is a

method of assessing the available literature in a transparentamnd sgy; 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 iaify 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 patbwtnes sustainable utilization of biomass

in NW-Europe.

31 Systematic reviews

This section withddressvhy ystematic revievaseanimportanttool for researchees well as
explainhow they can be conduct&hlicy makers are increasimgyyected to make decis based on
scientiic evidencetHowever,n the last 20 years the amount and availability of research information has
exploded making it impossible to keepougiate on all scientific reseaietiormation is often scattered
makirg it difficult to make sense of the knowledge. lFasthermore, Iacing faith in a single study to
draw general conclusioroften misleading (Mulrow, 1994). A larger sample of the literature is needed to
be able to provide a reliable answer to a questio via a systematic revi&andard 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 bedibfjutieiieown favoriteheories,
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 tlegearchers have cherry picked literature seimoe 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 aim@ 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 communicatethbawview 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 thedttioel for searchig studies
that to be included in the review are determined in advaheereView. The key featuresystematic
reviewcan be summarized as follag(Briner and Denyer, 2010 p.11):

0Systematic/organized: Systematic reviews are conducted accordmgystem 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 thewev@peat it with modifications update it.

Synthesize/summarize:Systematic reviews pull togettrowledgen a structured anarganized way in order to
summari ze the evidence relating to the review questio

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@armgjplan anccan 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 reviesysematic, transparent and replicable are respecteldroad

steps are qeiired to conduct a literature review; the steps need to be made explicit in the review protocol
(Briner and Denyer, 2010). First, a releeai#w question needs to be developed. This can best be done

in collaboration with the commissioners of the msear 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 dac#s out to

and selectelevant studies for the reviéRetticrew and Roberts, 2006)ey 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 themeés 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 paperiner and Denyer, 2018)systematic review is guided by a set ofigleacnot

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 ami@nt 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. Inthe field me di ci ne tvhied ebntieedr airs
often used to rank the designs of studies according to their ability to answer questions about effectiveness.
The highest form of evidence to prove theasiffeness of an interventionystematic reviews/meta
analyses and the lowest are-castol studiesThis could be used as a guide to develop the criteria for a
review about the effectives of a certain intervention. Other criteria may be theuadieatdfeqor
guantitative 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 raotivated 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 apphaisstudies. It is ingptant to
determine if the studiese 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
checKists available for assessing different kinds of research damized controlledrials or case
control studiesThe 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 orinternal 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 oftgegnal 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-axtlaetion bias based on e.g. the disciplinary baukgfou

the researcher. To ensure that an unbiased data extraction process was done the process can be validate
by another research@retticrew and Roberts, 200B)e next stage in making a systematic review is to
synthesize the results and write a repbé 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 imgefstamdubject

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 metaalysidut can increase the transparency of all systematic r@aticsew 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 @mtol t shoul d o6t e
to paint the bigger picture of the research field. It should categorize constructs to make it easier to

12| Page



MSc Thesis Management Studies Methodology

interpret the data. Furthermore, the relationships between the datbeshradd explicit and it should

infer what thestudy 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 pictaeefinalstage of a systematic review is to disseminate

the review findings to a wider audience e.g. by publication or by making it availaBzioeliaad

Denyer, 2010 he nethodologyof a systematiceviewwill be used in this research mainly to make the
selection of the papers to includmithe 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 organizaltiowill be wsed in thisresearch to analysee macro
environmental developments which effect the utilization of bidtmiasaneasilyunderstanabletool
used to summarize large scale developments which can influence an organization. PESTEL stands for
Political, Economic, Saf Technological, Environmental and Legal macro development. The PESTEL
analysis is similar to a PEST analysis butvbasdditional categories nameifwironmental and legal.
The two categories d@reluded due to their relevancéimmass utilizatiotechniques. The legal aspects
are of interest due to governmental support policies for biomass technologies and EU regulation on
sustainability criteria for Higels. Other similar techniques such as the DEEPLIST analysis or the
INSPECT analysis areslesiited 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 knowléidgeopassingle 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 ofbiomass. The political facdtaghould indicate to what extargovernment may influence a
certain industry e.g. tax policies or trade tariffs. Economic factors refer to the influences that stem from
macreeconomic developments such as economic growth, inflation rates, foreign investments etc. Social
factors includéhose 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 effeagsilation, 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 environmental3sgussimmary of the range of different
factors whih can be considered in a PESTEL analysis can be found in appEmelimutcomes of the
analysis can be ranked according to the signiffatiesr impact (Trodd, 2007). The advantages of
using a PESTEL analysis are that it is easy to understandtdhdah 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 releance 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 he PESTEL included in this research will be able to givindication of the most
important trends affecting biomass utilizatiorsbatld not be seen as a definitsteof factors.

33 Research Protocol

This section will present the research protocol used in the study wherein the methods of data
collection are made transpar@ihie research will focus on the utilization of biomass kEUNpe. A
macreeconomic analysis will be made of the potentiakesooirbiomass in a Nostestern European
context. The review will analyze the potential of biomass utilization foaadehgynicaproduction|t
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 |iTdratuegew studies

3 http://pestleanalysis.com/
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provide insighinto the general trends in biomass research and are less peh@otoptimistic over
singletechnological solutioifhe topic of biomassas 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 alf depesssieFor

instance, reviews on the production of chemicals usually do not discuss the potential source of biomass in
detail. Yet, the chemical compositidrthe biomasand chosenconversion method are important to

consider when determining which chemicals to protiobeeaim of tfs review is tadentify multiple

review gudiesto providea comprehensive overview of thél supply and vaé chain of bimass

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 mbst suited for a Norttvestern 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 natlealing withtiechnological 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 thEnghkstarelviews
discussingnnovations for biomass utilization published after 2000 are indlbdedality of the data
i.e. critical appraisal of the reviews wassessbased on the @olling check list. Is the review relevant
for the study? Is the study published as peewesligaper 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 adlle to meet
these criteria were included in the review.

Thesearch stringer information gatheringgeredevelopedby screening the key words listed in the
publications found via basic search strd ngas Th
used foran initialsearch on the topic of batemicals. The first two hundrebst citedhits were
screenedhe key words from 34 papers were extradtieel.most cited key words were used to develop
the following key strisg for the topic of biochemicals @&enewable AND
Chemical®R ChemicahND BiorefineryOR Bio- refineriesOR Biorefining and O0Bi obased e
The stringwasused in Scopus and Web of sciéndelruary2013. The results were refined on review
papers only and furthersened on their relevance for theaesh Fortyfive review papers were found
to be of interesfor this study. Sixteen dditional papers were found by looking at frequently cited
referenced he papers were read in further detdilaed as a basis thesection on bi@hemicals.

The keywords O6biomass and crops and Europed we
publications on the subject of biomass sources in Europe. The first 200 papersemerck tscfind
relevant key words dhe subject. Fortwvo papers were found to be of relevance airdkiye words
col |l ect ed. Bidbrass asdtEuropa gnérgy &reps dBioenergy or ResiduesWa st ed was
used in Scopus and Web of science in MarchFlfi§3ive papers were fod 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 sWté&adifopé&l
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The keywords O6biwemssusad amneagyinitiehnt sear cl
publications on theubjecbf biomass conversiomhe first 200 hits were screenedhair relevance for
the research. Key words were extracted from 82 studies. Based on these Key seandtd tstring
6Bi of uel or bi oenergy and renewabl e and conver s
developed to search for publications on biomass conversion techridiegsesirch 8hg was used in
Scopus and Web of science in MarghilA2013.Seventysix 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 referehabe 3.2 summarizes the search stred) fos 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 viatlmmatic representations. The possible conversion pathways for biomass will be
presented in a flow diagram and an overview will be given of the highest qualiffhetudigew will
present the trends in biomass research and can be used as a basigllfstittm of data on biomass
utilization.

Table 3L: Research planning

Date: Week Activity
10610 February 1 Research context
11-17 February 2 Theoretical background
1824 February 3 Presentation and finalize research protocol
Selectelevant papers and begin synthesis dfgatment methods

25 February 3 March 4 Finalize synthesis on Rreatment technologies
4 -10 March 5 Search for articles on sources of biomass sources and start synth
11- 17 March 6 Finalize synthesbn sources of biomass.
18- 24 March 7 Search for articles on biomass conversion technologies
25 - 31 March 8 Synthesis of biconversion technologies
1-7 April 9 Search for articles on wibemicals
8- 14 April 10 Finalize systematiov/iew
15- 21 April 11 PESTEL analysis
22- 28 April 12 Finalize PESTEL analysis and synthesize results
29 Aprild 8 May 13 Conclusions and recommendations
9 Mayd 17 May 14 Finalyzed report
22 May 15 Sumit report

Table3.2: Summary of searstrings used for the study

Biomass and Europe or Energy crops or Bioenergy or Residu

Sources of biomass Waste 55 19
Biofuel or bioenergy and renewalnlé conversion and hydradys

Biomass conversion or pyrolysis or fermentation 76 0
Renewable AND Igzmical©R ChemicaRAND Biorefinery OR

Bio-chemicals Bio- refineriesOR Biorefining/ Biobased economy 45 16
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Chapter4 - Sources of biomass 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 photosynthdsis, a react
betweenwater,carbon dioxideand sunlight. The energy is stored in the structural bounds within the
biomass which can be harvested for energgraciiemicaproduction The three main components of
biomass aregellulose hemicellulosend lignin Cellulose is made up oot long chains of glucose
polymersaandformsthe primary cell wall of green plgiMsKendry, 2002Hemicellulose is made up out

of shorter molecular chains consisting of a mixture of heterogeneous branched sugar monomers such as
cellulose, xylose and manragnin is a complex molecular compound which fills the spaces between the
cellulose and hemicellulose facilitating water uptakthexetdygiving structural strengtio plants
(Agboret al.2011) Biomasausually also contsismaller amountsf othercompoundsuch as ashnd
mineralsThe levels depend on the type of biomass, the soil, growing conditions and time dhlearvest.
molecular buildup of plant matisran important determirtafior the efficiencyf biomass pragssing.

Woody biomass is composed of firmly bound fibers with high lignin content ansuiseddtr thermal
conversionPlants which can be harvested yeagygrassdsave more loosely bound fibers and a lower
lignin content. The lower lignin content is beneficial for biological conversion processesstiitee

content of biomass is also important to considemmbisturecontent 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 lownoisturecontent is required to gain good process efficiencies in the thermal conversion of
biomass. The biochemical conversion ahags favors plants which have a higlasturecontent
(McKendry, 2002)This sectionwill describe some of the most studied biomass sources available to
Northern European regions i.e. poplar, willow, miscanthus, hemp, reed canary grass, switgtigrass and
generatiofiomass.

4.1 Biomass in Europe

This section will discuss general aspects related to the biomass potenti&uodddVWhe
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 agrie is dominated by the livestock industry due to the
favorable climatic conditions. Scandinavian countries have low fertile soils and thus limited potential for
agricultural productiaifrischeet al.2009a)However, the forests in these areasugply 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 (@igcheret al. 2009a) The most productive regions in Europe in
terms of climate are locatm the Ukraine, Germany, France 8ondtheastern Europsee figurd.1l
These regions produce a large proportion of the food in the EU and are potentially major players in the
biomass industrgEricsson and Nilsson, 2006)imate change is expectechtwe an effect on the
production capabilities of agricultural landSurope. Northern Europe is moeélto become more
accommodative for plaspeciesiow restricted to Mediterranean areas. Southern European regions are
more vulnerable to the effectsalimate change. The agricultural productivity of countries like Spain
could be affected by water shortages and more extreme \Westhet &, 2005Cosentincet al2012.
These effects can potentially be mitigated by increasing technology capagbitites draught resistant
crops Cosentincet al 2012)North-WesterrEuropean countries are more e&gde due to high wages
andhigh costs 6 agriculturaland making the production of biofuels in Eastern Europe attragéve (
Wit and Faaij, 2009). Especially the Ukraine could become an important source of biofueds gFischer
2009).

The most energy efficient source of raw materials forfliimg is biomass waste e.g. forest and
agricultural residues. Significanbams 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 agricullesalaagiel from 86 to 133

million tons of dry matter a year. However, not all of the available residues cafobeiasefining. A

certain proportion of the residue needs to be left on the field to protect the soil from erosion and
maintain fertilityBiofuels 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 ipendia¢é 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) (Barlat et al. 2009, Fisclkerl].2009 Bentsen and Felby,12). Residues are the leastresipe

sources of biomass and a good starting point for the biomass industryetFa¢@0f19). However, the

agriculture and forestry residues are notcexpéo 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 inditsepeaf

Felby, 2012).

Figured.1: Potential energy yield of second generation biomass sources in Europe (figure does not include the use of
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Source: Fischer et al., 2009a

Most of the biefuels 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 (Peti@lern2007). Furthermore, the greenhouse gas
emission saviagf first generation sources are limifdte environmental and social sustainability of
these sources of biomasghereforecontestedJaeger and Egelkraut, 20E9pecially rapeseed oil
performs poo 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 seweae 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 (Roetal2007). The average yieldgpangected to baigher (100 and 150 GJ ha)
and less agithemicals are required to grow the crops (Pet&tragE2007).
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An advantage of first generation sources is however that they require minor
adoptionfadaptationdn the supply chain leading to a favoraldgtash climate forthese technologies
among farmers (Fischer al2009a). The use of lignocellulosic biomass is more complicated. Second
generation sources usually have a lower energy density andrelsiglierontent than first generation
biomass. Théogistics of the process heavily influence the profitability of the tect{Ratbgyd 2010,
Zhang2011 Awudu and Zhang 201For instane, traveling a distance of 100rkédtresby truck can
account for 10% of the inherent energy content of the bidinassally also needs to be dried, naturally
or forced, to prevent degradation during transport and st@egsfication is also important but
increasing the bulk density of grasses can account for 20 to 40% of the total cost of biofuel production
(ZecpdaLizarazwet al201Q Tumuluruet al201). Experience with commercial energy crops in Europe is
limited. New farm management practices, additional infrastructure and novel eqrépreedéed to
facilitate second generation biomass utilizatioh€Fé$@l2009a, Zegadazaraziet al2010, Miaet al.
2011).

The available second generation biomass sources can be dividedintmbategories, annual
crops and crops that grow for multiple years (perennial plants). Miscanthus, regdssnaitiow and
popular are multiyear crops. In the first years productivity is low but-afyearsthe maximum
productivity is reached where after pfots can be harvested for2BO0years (Jirgt al. 2012). Woody
biomass has a higher flexibitityn grasses because they can be harvested any time of the year reducing
the need for storagAn advantage of annual crapthat they can be integrated into a crop rotation cycle
where they can be beneficial for the fertility and pests control {Ziegaaizu and Monti, 2011). The
agricultural production of second generation sources is less developed-dbtabligtied food crops.
The grasses and woody crops have just recently been domesticated for energy productiomand are in t
early stages of idopment.The cropsMiscanthudWVillow, and Bplar are the most advanced second
generation sources and already used commercially in some parts of EurofddazZiegaetaal 2010).
This section made clear that the biomass potential is heavily deperideal 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 dsscussed 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 (Strui¢ al 2000). Hemp is annual seedgglant which can be grown from the equator up to
the northern regionsee figurd.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 thdiglotd hemp as an energy c(Bpadeet al.
2011). Studies indicate that the energy vield is similar to other energy crops used in Northern Europe. In
northern Europe, annugikldsvary from 515t ha, seed yields range from-2800 kg ha (Venendadl
al, 1997, Deleuran and Flengmark, 2005, Zegeataziet al2010). The stem of the hemp plant can be
separated intbast fiber§35%) and woody material (65%) from the inner core. The fibenade out
of 5777% cellulose, 16% hemicellulos&¥dlignin and 18% pectic substances. The woody inner core
has a higher lignin content 06524% and a lower (hemi)cellulose content. The low lignin content of the
fibers is an advantage for addovesion process (Rehmahal 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 (Venenglaal 1997, Struilet al.,.2000, Sipot al 2010).
Furthermore, the establishment costs are low and the risk to farmers is muatosmpated tonulti
year cropsA disadvantage of hemp is its association with illegal narcotics, hemp species with a THC
content of .03 are banned in Europe. This limits the amount of species which can be grown (Struik
al, 2000). Thenoisturecontent of hemp at an autumn harvest (around 50%) is also problematic and the
crop can be vulnerable to fungi in wet years (Venesidahl 1997). Furthermore, the fertilizer
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requirements for hemp are high compared to other second generation crops (Baitzgnfiehz).
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 sMooesesearch is needed to
determine if the crop is able to compete with epeogyctionfrom maize (first generation) as an annual
energy crop.

Figure4.2 Industrial hep production in Bgium (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 lan@hastriet al. 2012).The plant has been able to evolutionary adapt to
multiple environments leading to a largéty of sub species. The large genetic diversity makes it
possible to cultivatevigchgrass irdiverse climatic conditignsee figurel.3 (Jessup, 200Zegada

Lizarau et al. 2010)The cropreceived much attention because of the relative high amounts of biomass
which can be generated with low levels of input (LewandsawaiZ002,Deepaket al2008,Jessup

2009. Switchgrass can be grown on marginal landsraptbeie ecological benefits such as increased

soil quality and nesting places for migrating birds (Sanetest2006, Montet al2008). It is well suited

for sandy soils which occasional experience droughts (Lewaretoals@002). Switchgrasasha

cellulose content of around 46%, a hemicellulose content of 32% and a lignin content of around 12.3%
(Robbinset al.2012). The Department Of Energy of the United States identified Switchgrass as one of
the most potent energy crops available fdd$1@Nright and Turhollow, 2010). In Southern parts of the

US the grass camow up to 3 meters high with roots going as deep as 3,5 (rmtensdowsket al.

2002).The investments made by the US significantly increassetitéicunderstanding of éhcrop
(Sandersoat aJ.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 aréharter, thinner andnore adapted to dry conditiof@hastriet al.2012). The crop hasC4
photosynthetic pathwaynd is well suited for central and southern regions of ELumpandowslet al.,
2002).1t is planted via seeding whichaigelatively cheap and easy method of crop establishment
compared to the other grasses which need to be propagatéddadt(izaraziet al., 2010). problem
for the establishment of switchgrass plantations is however the high Eaedsdafrmancnd poor
seed quality (Sandersiral.2006). This issue will need to be addressed in order to increase the viability
of switchgrass as an energy so(@btastriet al. 2012) The availability of water camitrogen are
important determimds in the prductivity of the crop. The crop respormssitivelyto additional
fertilizers in case nitrogen is not present in ample supplies in thosoiél al 2008) Economically
viable plots will requirde addition 060100 kg Nitrogen (N) ha fertilizer @ay (Lewandowskt al
2002). Yields of up to 28ns pethad yr haven been reported under optimal conditions but average yields
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are betweei d 14 tons ha/yr for Mrthern European regionsi¢Laughlinet al1999 Christianet al.
2001 Lewandowslet al2002 McLaughliret al2006 Fikeet al2006 Sanderson and Adler 2008nti et
al.2008 Wanget al2010

Figure4.3: Switchgrass field in Groningen, the Netherlands (2003)

ource: switc grass.nl

In the first year the crop cannot be harvestegladheswo-thirdsof the capacity in the second
year and full capacity from the third year after plantatcra@ighliret al. 1999)During the first years
weed treatment is needed to ensure the viability of the plai8htstrit al.2012) Thereis a lack of
knowledge about the long term productivity of switchgrass plotssbpossible to annually harvast
plot for at least 10 yeaSafdersort al 2006 Shastriet al2012) Yields have not shown to decline
significantly over the yeard Bwitchgrass is vulnerable to some fungi and vitieseandowsket al.
2002 Fike et al2006,Jessup, 2009)he crop is usually hanagsin the fall due to the lower ash and
moisturecontent of the biomass at that time. The totakyéeklthamowever lower compared to an end
of summer harvest. Harvesting after a freeze is recommended because the natrimotgethe the
roots minimizing nutrients loss during harvestitadtriet al.,2012).Different annualharvesting
methods have beemdied, anetime 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 bharegstoffset the potential gains of the
additional biomass. A onetime harvest is the most favorable harvestingvicetietg] 2003

Switchgrass has a low bulk density which is problematic for the economics of the production
chain. Size reduati (densification) is therefore an important aspect to increase the efficiency of the
process. Since grasses are harvestedne time a year, storage is needed in order to guarantee a
continued supply for a bio refinery. Storage can however refdsinfebiomass 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 $%. Covered storagenmre expensivédut can reduce the loss to 3% or almost nothing. The
production cas are mainly determined by the transportation costs, costs of harvesting and storage cost
(Shastriet al. 2012) Switchgrass has some positive attributes as a bioenergy crop. The yields are lower
compared to the other grasses butdhéaper to plargnd the farming equipment needed is similar to
that already used by farmaéviiti et al 2008). Howevet, is currently not competitive with coal for
electricity productiorSMmeets et al. 2009)gHer rates of seed emergence are needed as welhsadncre
tolerance for cold, improved yields, bdiewesting techniques and more efficient fertilizers strategies
(Sandersont al2006 Shastret al2012) The gstematic breeding sivitclgrasgor energy production is
stillin its infancystageThe yelds and climatic adaptabilityseftchgrasscould beincrease duringthe
coming decades due to the large gene pool available for crop improg%ameetsdpt al2006 Jessup
2009).

4.4 Reed canary grass
Reed canary grassiative 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. Thescemapted to amy stresses aftfttives on wet,
humusrich soilswhere itcan reach heights of 1.5 to 3 meters, see digx&=nendaadt al1997 Casler

et al.2009) It is a persistent @it which can tolerate flooding arety wet conditionsr very dry
conditions The large variation between the pladEpted todifferent ecosystems is beneficial for
breeding program&ewandowsket al. 2003) It is adapted to cool weather conditions and it is winter
hard.It has bee investigated in Sweden asbaygy crop foover a decad&he hghest yields can be
obtainedvhen harvested in the autuomhumusrich soilg9 t ha/y). However, if the plant is harvested
in the autumn the grass has poor fuel quality and needs to be extensively dried (Lestai@O82Ki

The mineral elements present in the grass cause corrosion of power plants limiting the amount of grass
which can be cfired for energy productiofCasleet al.2009, Hiensoet al.2010). The (hemi)cellulose
contet can be as low as 48% with4&o contentof ligninand high amounts of ash and mineTdls
makes the harvest for direct energy generattbe summer or autumn in the higher Northhegions

not possible The mineral content is reduced if the plant are left on the field dherimgnter and
harvested in the early spriRgbbinst al 2012).

Theplartations are established via seeding but the seeds are slow to germinate and can have high
rates of dormancyVeed treatment is only needed in the first yftar. flaaion the fields can be
harvested over a period ofdlR years witminimum input (Venendaat 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 thet fyrsarof sowing After that lower levels of 50 N,5 P, and 20 K kgrhaly
are required_éwandowsket al.2002)The yields of the crop under favorable condition are within the
range of 80tons hayr (Venendaadt al1997 Casler and Undersander 2088inskast al2008,Casler
et al2009Hiensooet al2010,St r a Gi | , 2012) . However, i n most N
harvested in the spring which resultslassof yields of around 20%. Yields of8d/ha can be expected
for most Northern region§Venendaadt al1997 Lankoski and Ollikainen, 2006).

Figured.4:Reed canary grass winter harvest in Finland (2006)

Source: Turku Universinland(2008)

The advantages of the grass are that the establishment costs arespeeciaihbarvesting
equipment is needed and the land can easily be converted back to other purposes such as food crops
(Venendaagt al1997 St r a Qi Il is aBdihk &nly grass which is able to grow well irhidpeer
Northern regions of EuropEowever, lie 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, 20083ues with ineffective seedmgd low yields need to be
addressed to increase the attractiveness of the crop to ifathehégher Northern regions of Europe
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4.5 Miscanthus

Miscanthus is a C4 type grass with high solar radfetidizer and water use efficiency
(Lewandowsket al. 2002).The grass is natifeom Asia wherdat can be foundrom tropical and
subtropical conditions to warm temperate climatdsandBrancourtHulmel, 2010). Althoughe crop
is adapted to warmer climates it can also grow in northern regioas the @&ithern parts of Sweden
and the U.K., Denmark, and Irelasée figurd.5 (Venendaaét al. 1997). tl is among the very few
grasses witta C4 type photosynthetic pathway which is able to grow in these colder regions
(Lewandowsket al1999 Andersoret al 2011)The plant can grow up to 4 meters high and produces
large quantities of biomass with low levels of {Zult andBrancourtHulmel, 2010)t is one of the
highest yielding energy crops avail@Bdehmelet al2008, Jessup, 2008he MiscanthugM) genus
contains aroundl to 25species of which thd. Giganteuss the nost commonly researched species.
Extensive field trails have been conducted in Europe wittMth&iganteus strairDenmark,
Netherlands, Germany, Austria and Switzerland have invested public funds into researftuprojects
andBrancourtHulmel 2010Andersoret al201).

The cropcan grow on a wide range of soils but the highest yields can be obtained onasoils with
good water holding capac{tyewandowsket al. 2002).The (hemiellulose (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 bartrest times and the condition under which the
crop is grownBrosseet al. 2012) M. giganteus is a sterile hybrid of the species M. Sinensis and M.
Sacchariflorus which means that the canmot produce fertile seeds. This prevents the crop from
spreading to unwanted areas but it also makes the establishment of the crop more diffjpetisaral
(Atkinson,2009) The crop is established by planting small plants in the spring whioheatdrom a
mother plantvia vegetative propagatidrhere are two methods of obtaining plant clanasfo and
micro propagation. Macro propagation is the mechanical harvesting of small plants from a field by cutting
new plants from the stems. Micro pgaigon is the propagation of plants via tissue cultures
(Lewandowskét al1999 Lewandowsket al2002) The genetic diversity of the crops used is therefore
low Zub andBrancourtHulmel, 2010).

Figured.5: Miscanthus harvest in the UK. (2010)

\" s

Source: energycrops.com

During the first 5 years, depending on the climate, the crop is building up yield and cannot be harvested
(Lewandowsket al.2002)Weed control is vital in first yeaf growthto obtain high yielding plantation
(Venendaattal, 1997 McKendry 2002)After the first years the yields reaches a maximum and can be
annually harvested for up to 25 yeansl¢rsoret al.2011)The crop can only be harvested once a year

due to damage caddge the plants during harvdsewandows et al. 2002) Miscanthusequires low

levels of inputs andads to &ow loss of minerals during harvé&nendaatt 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 800 kg haly (ewandowsket al.2002) The highest yields can be obtained in
the autumn when the plants are flowering butnihistureand mineral content is hegtaround that
time. It is therefore often harvested in the spring so that the crop is dry and mineral contamditower
can be stored without further dry{Mgnendaadt al 1997).

The harvest delagproves the quality of the biomass but results i®38% lower biomas
yields lcewandowsket al2002 BrancourtHulmel 2011Andersoret al201). The average total biomass
loss is estimated to be around 35% (this includes the loss of biomass during the harvest itself)
(Lewandowsket al.1999)In the southern regiored Europe with high temperature and high levels of
solar radiation stable yields of up too2®ha/yr over a ten year period where obtaifiad. maximum
yield obtained in Europe (France) under well irrigate and fertilized conditions was aomsid/ o t
(Zub andBrancourtHulmel, 2010)The highest recorded yield in cooler climates (U.K) is arowms$ 20 t
ha/yr (Zegadd.izarazuet al. 2010)The averaggelds in Northern regions range fréfto 16tons
ha/yr depending on soil type and climdengmlaal et al., 199F|cKendry 2002Lewandowski et al.
2002 Atkinson 200%omervilleet al2010Zegadd.izarazuet al2010Zub andBrancourtHulmel, 2010.,
Andersoret al2011 , Brosset al2012). In the higher Northern regionsiheSnensiggenotypes (which
is more winter hard) carogiuce similar yields as the NgaateusLewandowsleat al2002).

An advantage of the crop is that yield decreasing pest or diseases are known although
infections of insectfyngi andviruses have beeeported in some plantatiodgkinson 2009Zub and
BrancourtHulmel2010Andersonet al 201} Furthermore, the biomass yields are high and similar
harvesting equipment as for hay can be ¥We¢dsandard machines must operate slower duesto th
highe density of the biomass swre specialized equipmeastneeded tincreasdarvestingfficiency
(Venendaakt al1997 Lewandowsket al1999 Andersonet al201). 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 plantstart to die off at temperatures belo8s °C (Lewandowskét al. 2002). In sbsequent
winters theplant is able to surviveefvandowsket al. 1999). Thestablishment costs of Miscanthus
plantations are higlhewandowsket al2003 Zegadd.izarazuet al2010,Zub andBrancourtHulmel,

2010. The low winter hardness in the first year is therafamajor obstacle for the crop in Northern
region Atkinson, 2009)Increasing the frost tolerance amdhhiques which can reduce the cost of
propagation aressential for théncreasingof the cultivationof Miscanthusin Northern regions
(Atkinson 2009BrancourtHulmel 2010Glowacka, 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. Willdwpaplar 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 basket&nces 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 (@tfad2008). Poplar iamong the fastest growing trees in
temperate climates (Afasal2008, Hincheet al2009). The family of poplar comprises of 25 to 35
different species of which hybrid species are the fastest growing (Sehajd@@@9). The willow family
has alarger genetic diversity of around-880 species. Poplar is more suited for warmer climates
whereas willow is also able grow in the higher Northern regions of Europe (Venaehtiaar).

The trees are cultivated in my#tar cycles, see figdré During the first & years the trees
need to take root and be allowed to grow into mplames. After the first years of growing the biomass
can be harvested in rotation cycles of 3 till 5 years for up to 30 years (Beck2g04, Karp and
Shield2008, Zegadiaizarazuet al2010).Both species are relatively easy to propagate but require an
ample supply of water to be able to achieve high yields (Veaeatltd7, Pellist al2004 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 wisigidisture ash and minerals) (Karp and Shield,

2008).

Figured.6: On the left willow harvesting in Sweden, on the right poplar harvesting in the USA.

5 o0

Weed treatment is essential in the first yeardla# wultivation 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 faviltber are low (Venendaakt al.1997,
Labrecque and Teodorescu, 20@0&llow can be planted in high density, is able to uptake heavy metals
from soils and can facilitate the breakdown oftoxin organic compounds (Vatk al. 2006). Short
rotation coppice can have a positive effect alivieisity if the use ofehbicides 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 bitdéroann and Weih 200dpndoet al2004 | abrecque and
Teodorescu, 2005).

The reported yields of willow range from as lowtasstha/yr to as high as 30ns per ha/lyr
under well fertilized and irrigated conditions. In a review study on willow cultivation multiple sources
where examined deikimg the yields of willow cultivation.mdean harvestable yield of 11.5 ton per
hectare a year was found (Djodnal, 2010). Based on this study and the results published elsewhere an
average yield of 10 till 15 tons biomass per hectare year carctbd exporthern European climates
(Venendaatt al1997, Hoffmann and Weit004, Labrecque and Teodoreads,Djomo et al2010,

Miao et al2011,Kasmioui and Ceulemans 2012). Poplar is able to achieve relative high yields with no
irrigation andimited use of fertilizesut yieldsare considerably higham well irrigated and fertilized
plots(Deckmyn et al. 20p4Jnder optimal conditions yields of uR@25 bnsha/yr can be achieved
(Pellis et al. 2004). However, annual yields betwdelBa tila/y are more realistic for most Northern
European ared¥enendaal et al., 19%&lliset al2004 Laureysenst al2005 Aylott et al2007 Fischer

et al 2009a, Djomet al2010 Somervilleet al.2010) The crops are usually harvested in the winter as the
leaves have fallen off making the harvesting easier. However, this does leathtistuhégbntent of
around 50% at harve&dsolet al.2009)This can be problematic for further processing demeon

the intended applicatigMiaoet al.2011) After harvest the trees are cut and usually made into chips by
mobile chippe(Zegadd.izarazwet al. 2010jarvesting and transportation cost can account 360%9

of the total production costsabrecque 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, 2005he POPFULL project is an example of efforts to increase the knowledge about
popular plantations in a NHBUropean contextThe genome of poplar has recently been sequenced
which increase$e possibility to develop newigiges (Sannigrafeit al. 2009). Thenain barrier for

4 http://webh01.ua.ac.be/popfull/index.php?lang=nl
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implementation is currentlye questionableconomic viability of short rotation coppice cultivation for
energy productiofAylott et al2007,Kasmioui and Ceulemans 20R@smioui and Ceulemans 2012).
The short rotationcoppices havengrotation cycles which increase the investmentgViskendaadt

al, 1997)Improvements in harvesting techniques and higher biomass yields are needegdwintake

short rotation coppiamore attractive for farmers.

4.7 3rd generation biomass

This section will describe more advanced sources of biomass often refeBeti geresation
sourcesAlgae are among the oldest living organisms on the planmbldrgteat potential for the
development of biofuels. There are an estimated one toilien specieof 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 cheals(Aitke and Antizakadislao, 2012Yhe benefits of algae are that they can have
higher solar conversion efficiency and carbon fixation rates than any telaiasfiatha and Prasanna,

2011) The growth rates of algae can be very high; soradeate double their biomass ib Jiours
(Brennan and Owende, 200@icroorganism such as algae and bactariproduce biomass year round
and have a veryart harvesting cycle which allows the continuous production of b{@imags and
Dhar, 2010)Theycan therefore generate far greater yields than any other biomadichertécides

or pesticides are needed and limited amounts of water are ré€qaireain be cultivated on namable
landsand also be desigd to produce valuable-gmducts(Brennan and Owende 2080 gh and Dhar
2010,Ratha and Prasanna 20THhese attributes maksgcroorganisman attractive source of biomass
for fuel and chemicals.

One possibility would be to use macro algae such as brown ssatumgaveedor biomass
production Yilliams and Laurens, 200%aveals can be cultivated in open, s instance in
combination with off shore wind farn@a¢lsson et al. 200:aan 2010). However, limited research has
been done on the use of seaweeds as a source of bipiaghern regions. It is currentipensive
and advancements are needed in plantation establishment and harvesting techniques to make this option
economically viablelgghes et al., 201%/eiet al2012. Research for biomass production has foamsed
the use of micro algae which are small primitive plantshaligmo roots, stems or leaves. Thsetm
important species of microorganisomglé investigation aralgae andtyanobacteria. The algae are
classified as autotrophic, heterotrophic or migee @pecies. Autotrophic algae only requises@i®
and light to grow, heterotrophic algae arepmatosynthetic which means they require an external energy
source and nutrition e.g. glucose to grow. Mixed algae species are able to use ligrarastarelhla
source of energy to grow. Cyanobacteria are autotrophic requiring only sunlighi @andr&®
(Brennan and Owende 208&gh and Dhar 2010

Multiple production methods can be employedjrawv microorganismdepending on the
characterigts of the species us@tlilliams and Laurens, 2009)eycan 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 thav@itable in the atmosphere for growth but can also
tolerate and use much higher levels of 8@ditional CQcan 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 increadgaeyields (Brennan and Owende, 2009). These nutrients can
potentially be obtained from waste stegamaviding a low cost source of nutrients as well as a method of
waste water treatmen€ofler et al 2012) Photoautagbphic algae are the most economically feasible
species for large scale production.

Two production systems can be Eygd to grow algae, an opengbgystem or a closed photo
bioreactorsee figurd.7. Open pond systems are the cheapest form of abgletmn but the system is
vulnerable to biological contamination and less efficient than closethiqigaictor (Brennan and
Owende, 2009). To reduce the risk of biological contamindteme culture condition e.g. high salinity
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can be usetb limit the number of natural occurring organisms in the media (Ratha and Prasanna, 2011).
Closed systems permit the cultivation of more sensitivespiagkes for longer periods of time. Hybrid
systems have also been develdpetgrotrophic algae cgrow on oganic 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 algaare abléo 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)

Figure4.7: An open ponds sysh formicro algae productioreff) and alosed photdioreactor (right).

Source: Williams and Laurens, 2009

Once the algae have been produced they need to be separated from the growithemedia.
downstream processing of algae is costly and compRaatedr(et al. 201T)he main components of
algae biomass are carbohydrates, proteins, nucleic acids and lipids (Williams and Laufaes, 2009).
primary products of interest for biofuel production are lipids (Brennan and Owendejpd®3grve
as anenergy reserve for algae anel similar to seail, theycan be easily converted to biofwéds
transesterificatiofWilliams and Laurens 20@ay et al201). The separation of the useful materials
from the aquatic media is however challenging aratcaunt for 2@0% of the total production costs
(Brennan and Owende 2008m and Lee 201 Xentrifugation is the most commonly used method
research projeckst other methodsuch aslbcculation and ultrasonic aggregatilirgtion or flotation
are also possib@Brennan and Owende 2088liams and Laurens 200@)mobilization technology
could also provide a cheap and energy efficient method of algae harvesting but more research is needed to
develop the technolo@lyam and Lee, 201 Bfter 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 ussaach asolvent extraction or supercritifaiid extractiore.g. vith CO;
suited for wet biomass streams. Chemical solvent extraction is the mostroethodaithough highly
toxic substancese usually needed. Super critical fluids are more environmentally friendly but the process
is moreexpensivfLam and Lee, 201lleeet al2012. The byproducts of production (rbtipid biomass)
can be used as a sourcehfioman nutrition, animal feed or {éotilizeror further processed via e.g.
pyrolysis or gdgiationinto bio-oil or fermented e.g. into ethaf®tennan an@wende, 20Q2am and
Lee, 2011

The large scale productionnaitroorganismior biofuels is currently not economically feasible.
There are multiple issues such as high costs, low yields and production ratesrvesstlyg and
processing stepghichimpeded the scale up of algae production (Brennan and Owend#/iR@dss
and Laurens 2008maro et al 20)2The energy demand for algae production is mainly ety
the nutrient source, reactor design, dewataridgdryingprocesseand lipidextraction. Substantial
amounts of nitrogen are usually needed to grow the algae leadingr enéigit demand of the total
production process. Cheap and environmentally friendly sources of nititdgemeeded fothe large
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