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Preface

This PhD thesis, entitled “Unconvential biomasses as feedstocks for
production of biofuels anduccinic acid in a biorefinery concept”, comprises
the research carried out at the Depwmt of Environmental Engineering,
Technical University of Denmark fro December 15, 2Alto December 14,
2014. Professor Irini Angelidaki and ider Researcher Dimitar Karakashev
were supervisor and caxgervisor, respectively.

The thesis is organized into two partse thrst part is a literature review of
the thesis topic where the findings o&tRhD project are put into context; the
second part consists dhe papers published in isatific journals listed
below. These will be referred to e text by their paper number written
with the Roman numerals I-VI.
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Abstract

Biorefinery has the potential of displag fossil fuels and trefinery based
products. Within the biorefinery a pé#ile of marketableommodities can be
produced from biomass, including fogofked, biochemida and biofuels.
Which bioproducts are produced isrdaly dependent on the chemical
composition of the specific biomass feed¥t, as well as which pretreatment,
saccharification, fermentation nd extraction techniques are used.
Furthermore, integratingbiological processes intadhe biorefinery that
effectively consume COwill become increasingl important. Such process
integration could significaty improve the sustaidmlity indicators of the
overall biorefinery process.

In this study, unconventional lignocelbsic- and aquatic biomasses were
investigated as biorefinery feedstocR$ie studied biomasses were Jerusalem
artichoke, industrial hempand macroalgae speciéaminaria digitata The
chemical composition of biomasses wadetermined in order to demonstrate
their biorefinery potential. Bioethana@nd biogas along with succinic acid
production were the explored bmmeversion routes, while potential
production of other compoundgas also investigated.

Differences and changes in biomassnposition and productivity of eleven
different Jerusalem artichoke clones wasamined at thredarvest times.
Yields of up to 35 t ha of dry lignocellulose matter was reported,
nonetheless the amount of cellulose immaases was less than 50% of what
was observed in e.g. hemp. Howevek tinderground tubemhich the plant
produces, contained gl amounts carbohydrates88% of dry weight) and
yielded up to 6 t Ha dry matter of aditional carbohydrates. The
carbohydrate content found in digitatawas also shown to be exceptionally
high (77.6% of dry weight) compared to other studies.

Diverse methods for pretreatment anddwrification of biomass were used
depending on the type of biomask. digitata did not required any
pretreatment before enzymatic hydrotysther than milling and drying.
Pretreatments using ,B0,, NaOH and HO, at different conditions were
used to pretreat hemprior to enzymatic hydidgsis, while Jerusalem
artichoke tubers needed 0.2%3®, in combination withheat-treatment as a
direct hydrolysis method.

Bioethanol was produced from industrizemp hydrolysatesEthanol yields
in the range of 74-92% of theoreticgleld were report@, while ethanol



concentrations amounted up to 10.0 g.LHowever, the production of
succinic acid from this type of hyadlysate resulted in much higher product
titer and substrate utilization comparéal ethanol fermetation, partially
becauseA. succinogeness able to ferment bbt glucose and xylose into
succinic acid.

Jerusalem artichoke tubersndustrial hemp and.. digitata all showed
considerable potential as feeddtodor succinic acid production. The
maximum succinic acid production fronihne different feedstocks ranged
between 21.9 and 47.4 g'L The highest succinic &t titer was reached
when fermenting Jerusalem artichokedrolysate, while the maximum
succinic acid yield (86.5%)was reached when fermenting. digitata
hydrolysate. In the casaf tuber biomass it was stvn that tubers could be
readily hydrolyzed without enzymesié fermented without any addition of
nutrients, which clearly indicates thaitilization of this feedstock could
potentially lower the costs fasuccinic acid production.

The biochemical methane potential bf digitata, post hydrolysis solid
residue (PHSR) and fermetion broth after succiniacid fermentation was
also determined. In a dmefinery, biogas productinis important for energy
recovery as well as for minimizg waste and gendmag an additional
product in the form ofertilizer. Energy recovery of PHSR and fermentation
broth through anaerobic digestionrresponded to 298 and 285 NmL Ogf
VSadded respectively.

To further increase the integratioof the different processes in the
biorefinery concept, a novel biogagpgrading technologwas developed.
The approach was based on the,Gation abilities of A. succinogeneto
simultaneously produce high purity ¢ldnd succinic acid. The system was
able to reach 95.4% GCHcontent, which is sinar purity as commercial
biogas upgrading technologies deliver.

Results obtained in this study constitutes first report for utilization of
macroalgae, hemp and Jerusalem hdke tuber biomass for fermentative
succinic acid production. ivas demonstrated that &dllomasses are attractive
biomass feedstocks for succinic agdoduction mainly due to their high
carbohydrate content. A case study opmposed macroalgae biorefinery
concept highlighted the potential of pdstdrolysis solid residue (PHSR) for
the production of numerous ditional products such ag3 and &6 fatty
acids, biodiesel, protein, feed, biogasddertilizer, thereby diversifying the
biorefinery product portfolio.



Dansk sammenfatning

Et bioraffinaderi har potentiale til dortreenge fossile breendstoffer og olie-
baserede produkter. | dioraffinaderi kan en rkke forskellige produkter

fremstilles af biomasse, herunddwdevarer, foder, biokemikalier og
biobreendstoffer. Hvilke produkter deroduceres, er i hgj grad afhaengig af
den kemiske sammensaetning af dgpecifikke biomasse, samt hvilken

anvendes. Desuden vil biolasie processer der integeereffektivt forbrug af
CO,, med produktion af biokemikalierlibe stadig vigtigere. En sadan
procesintegration kan i veesentligadr forbedre beeredygtigheden af de
overordnede processeet bioraffinaderi.

| denne undersggelse blev ukonvenébe lignocelluleere og akvatiske
biomasser undersggt sdmoraffinaderi-biomasseDe undersggte biomasser
var jordsskokke, industrihamp og makigearten Fingertang. Den kemiske
sammenseetning af biomasserne bleestemt for at deonstrere deres

potentiale i et bioraffinaderi. Bioedimol, biogas og ravsgrvar de undersggte
bioprodukter, mens potentiel produktioaf andre forbindelser ogsa blev
undersgagt.

Forskelle og @eendringer biomassen sammensatning og produktivitet af
elleve forskellige jordskokke-kloner dl undersggt vetre hgsttidspunkter.
Udbytte pd op til 35 t Hater lignocellulose blevopn&et, men maengden af
cellulose var i mange tilfseelde mindrace50% af, hvad der blev observeret i
fx hamp. Planternes rgdder inaddte hgje maengder kulhydratei88% af
torveegt) og gav op til 6 t Ha terstof af yderligere kulhydrater.
Kulhydratindholdet iL. digitata viste sig at veere ushkeanlig hgj (77.6% af
tarveegt).

Forskellige metoder til forbehandling agaccharificering af biomasse blev
anvendt afhaengig dfypen af biomasser.. digitata kreevede ingen anden
forbehandling end formaling og meng feor enzymatisk hydrolyse.
Forbehandlinger med 30,, NaOH og HO, ved forskellige betingelser blev
anvendt til at forbehandle hamp fgrzgmatisk hydrolysemens jordskokke-
knolde blev behandlet med 0.2%30, i kombination med varmebehandling
som en direkte hydrolysemetode.

Bioethanol blev produceret af indusiamp-hydrolysater. Ethanoludbytte i
omradet 74-92% af deteoretiske udbytte blewvopnaet, mens ethanol
koncentrationer var op til 10.0 g'L Produktion af ravsyr fra denne type af

Vi



hydrolysat resulterede i meget h@dtoncentrationer ogubstratudnyttelse i
forhold til ethanolfermentering, delvistrdi A. succinogenesr i stand til at
fermentere bade gluce®g xylose til ravsyre.

Jordskokke-knolde, industrihamp agdigitataviste alle stort potentiale som
ravare til ravsyreprodulon. Den maksimale rayseproduktion varierede

mellem 21.9 og 47.4 gL Den hgjeste ravsyrekondeation blev opnadet med

geering af jordskokke hydrolysat, me det maksimale ravsyre udbytte
(86.5%) blev opnaet ved geering laf digitata hydrolysat. Med rodknolde-

biomasse blev vist, aknolde let kunne hydrolgses uden enzymer og
fermenteres uden tilseetning af neeringsstofigilket paviser, at anvendelsen
af dette ramateriale potentielkunne reducere omkostningerne for
ravsyreproduktion.

Det biokemiske metanpotentiale far digitatay, PHSR (e. post hydrolysis
solid residue) og fermenteringsveesketeefavsyregeering blev ogsa bestemt.
| et bioraffinaderi er mgasproduktion vigtig for eargiudvinding samt for at
minimere spild og skabe et ska produkt i form af g@dning.
Energiudnyttelse af PHSR o0g rfeenteringsveeske gennem anaerob
nedbrydning svarede til 298 og 285 NmL le;-l1 VS,4deq hOV.

Ved vyderligere integration af de  forskellige processer i
bioraffinaderikonceptet blev en nlgiogas-opgraderingdtaologi udviklet.
Fremgangsmade var baseret pa,diksering af A. succinogenesamtidig
med produktion af ravsyre og GHf hgj renhed. Systeshvar i stand til at
opna 95.4% CH hvilket svarer til renhedsgrad som kommercielle biogas-
opgraderingteknologier leverer.

Resultater opnaet i dennedersggelse er den fgrsepport for udnyttelse af
makroalger, hamp og jordskokke-kdel som biomasse til fermentativ
ravsyreproduktion. Det blev vistat de tre biomaer er attraktive
biomasserastoffer til rayseproduktion, hovedsatig pa grund af deres hgje
indhold af kulhydrat. Etcasestudie af et diaffinaderikoncept med
makroalger beskriver potentialet af BR til fremstilling af en lang raekke
yderligere produkter, sasor&3 og &6 fedtsyrer, biodiesd, protein, foder,
biogas o0g ggdning, og kan dermed vaisificere bioaffinaderiets
produktportefalje.
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1 Introduction

1.1 Climate and energy

In recent times, societilas become more aware tbfe future opportunities
offered by the prospect of a sustable economy, on¢hat is based on
renewable resources and energy ewjnd, geothermal, solar, waste and
biomass (Figure 1). Emgy generation throughtilization of renewable
energy sources is rapidly increagi as many governments are taking
measures to reduce our civilizatiomscessive consumption of oil.
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Figure 1. Energy generation from renewalbdeurces during years 1998-2013 including
wind, geothermal, solar, biomass and wasiet accounting for cross-border electricity

supply. Converted on the basis of thermegluivalence assuming 38 percent conversion
efficiency in a moderthermal power station (British Petroleum, 2014).

Within the scientiic community there is a gera consensus that greenhouse
gas emissions (mainly G arising from the combti®n of fossil fuels,
material and chemical production, atathd-use alteratioms a consequence
of human activities, ardestabilizing the Earth’s ichate and causing global
warming (Hopewell et al., 2009; Loaret al., 2009; Rammathan and Feng,
2008).

It has been increasingly recognizétht no single solution can relieve the
world of its dependency on oil and fahat to be realistically possible,
collective actions are necagmy, including changes in people’s behavior, fuel



and vehicle technologies public transport, power generation and
infrastructure (Pickett et al., 2008).

The carbon content of biomass pernmatsnbustion or gasification processes
in dedicated power plants, where biomé#self serves aa renewable energy
source to generate both thermal anectical energy (Nunes et al., 2014).
Though this process can generate powethanform of electricity, it doesn’t
solve the need of producing biofuels tltain be used asiel for combustion
engines found in the vast majority ofhreles used in all forms of transport
today.

1.2 Biorefinery

Besides petroleum, biomass the largest sourcef carbon-rich material
available on Earth, and through sustle utilization ofbiomass, a large
portion of petroleum baseddis and chemicals can beplaced (Ragauskas et
al., 2006). One of the proposed solutionfitav that can becoe reality is to
replace petroleum derived products witin-based productsy means of the
so-called biorefinery (Kamm et al., 20098 biorefinery can be described as
a facility that integrates biomass consien processes artdchnologies in a
sustainable and efficient way to praxe a variety of marketable products
(food, feed, chemicals, and materialm)d energy (biofuels, power and/or
heat) from biomass (Fieatrick et al., 2010).

Biomass used as raw matdrin biorefineries can beategorized into four
main categories: Agricultal, forestry, aquatic-domestic- and industrial
organic residues (Chebini, 2010). Available whin these different
categories is biomass whst diversity, however only four constituents found
in biomass are of major significancer faroduction of biofiels and industrial
products:

X Saccharides
X Lignin

x Triglycerides
X Proteins

Besides these rudimentarstructural molecules theris great variety of
biomass derived compoundkat have additional eomercial applications
(Kamm et al., 2005). The main commoaonstituents are present in biomass
in different amounts, andlaf them, except for ligm, can be converted into
biofuels such as bioedimol and biogas. Biomaswith high carbohydrate



content is however required for bioatiol production through fermentation
of sugars, while biogasan be produced from atlonstituents via anaerobic
digestion.

Bioethanol is especially of interest @scan be added idlifferent ratios to
gasoline and, if containing <15 % bioeitlod, can then used as fuel in most
cars having gasoline combustion emgg, without rgquiring making any
changes to the engine. Biogas, on thkeothand, is of interest due to its
various applications and since it candsesily produced from process effluent
or process waste coming from e.g. a bforery facility, thereby recovering
energy. Also, large regions in Europave extensive infrastructure when it
comes to biogas production and utilization.

Production of biochemicals is conemly done through extraction from
biomass or via bioconversion processguch as fermentation. The most
important biochemicals ar the so called platfem chemicals (chemical

building blocks) (Holladay et al., 20D41f biorefineries are to have a

noticeable impact on redung oil consumption in théuture, the biorefinery

product portfolio should include platim biochemicals (Fernando et al.,
2006). These platform chemicals canuidized to synthsize a spectrum of

other valuable chemicals that camplace their petrochemical derived
equivalents (Kamm et al., 2005).

Which biofuels, biochemicals and compals are produced in a biorefinery is
largely dependent on the chemicalngmosition of the specific feedstock as
well as which pretreatment, sacchemation, conversion and extraction
techniqgues are used (Men@nd Rao, 2012; Philp edl., 2013; Sheldon,
2011).

1.3 Objectives and thesis structure

The main objectives of thiBhD project were tonvestigate the bioethanol,
biogas and/or succinic acid pnection potential from high vyielding
lignocellulosic crops, Jerusalem artichokde(ianthus tuberosud..) and
industrial hemp Cannabis sativaL.) as well as macroalgae biomass
(Laminaria digitatg. Additionally, a considerabl@art of this PhD project
was dedicated for dewgbing a novel technology &b to simultaneously
upgrade biogas and produce succexad. Specific objectives were:

x Characterize the chemical compam of Jerusalem artichoke and
industrial hemp, as well as atacterization of macroalgae digitata



x Evaluate changes in lignocellulositomass composition and identify at
which harvest time the biomass is bsesited for use in a biorefinery.

x Investigate different mtreatment and hydrolysis methods and evaluate
their effectiveness.

x Determine if solid resiue leftover from enzynmi@ hydrolysis can be
utilized for generating additional @ducts to the biorefinery product
portfolio.

x Assess if these biomasses are wallted for production of bioethanol,
biogas and/or succinic acid production.

x Test Actinobacillus succinogene$30Z for succinic acid production on
Jerusalem artichoke, hemp and matgaa hydrolysates and evaluate the
effects different hydrolysateshave on fermentation performance
parameters such as production ratecguc acid yield and concentration.

x Develop a novel technology capablesiiultaneously upgrade biogas and
produce succinic acid usiné. succinogenesl30Z, and determine if
increasing CQ® solubility through increasing mwospheric pressure within
the system positively affects sucanacid yield and titer as well as
methane purity.

In Chaper 2, the cheapal composition, produain, pretreatment and
hydrolysis of the specifiignocellulosic- and browmacroalgae biomasses is
covered. Advantages and limitations w$ing these types of biomasses as
feedstock for biorefinery are highlighted.

In Chapter 3, different approacheshmconversion of Jasalem artichoke,
industrial hemp and.. digitata are investigated. Also, what other products
can potentially be produced a biorefinery concdputilizing these biomass
feedstocks.

In Chapter 4, a case study of a proposeacroalgae biorefinery concept is
presented. The flow of material betwegamcesses is shown, and how process
integration can minimize waste and £€missions.



2 Biorefinery feedstocks

Production of biofuels, bichemicals and biomatelsathrough utilization of
food crops such as corn and sugaecdras come under scrutiny in recent
years where the sustainability of cku processes has been repeatedly
questioned (Charles et al., 2007; Natkal., 2010). Increased competition for
land and water; high production costtexsive use of feiltizers; and limited
reduction of net greenhoug@as emissions once land-useange is taken into
account are among the main argumeagsinst the production of these so
called first generatioproducts (Sims et al., 2010)herefore there is need to
identify and utilize other renewable and masustainable tygeof biomass as
feedstock for productionf bio-based products.

2.1 Lignocellulose

Production of second gersion biofuels and bidased products utilizes
lignocellulosic biomass, the mosbundant type of lad based biomass on
Earth. Lignocellulose can be used gooduce chemicals &t currently are
produced through petrbemical route (Gallezot,2012). Lignocellulose
includes virgin biomass (@. trees, bushes and grasses), waste biomass from
agriculture and forestry (straw, sugane bagasse etc.) as well as energy
crops (Wu et al.,, 2014). Lignolktelosic energy crop is high yielding
lignocellulosic biomass that generatasge quantities obiomass compared
to other similar types of feedstae Switchgrass and Miscanthus are
examples of energy crops that hasemewidely investigated for biofuel
production (Griffith et al., 2014; Heataet al., 2008), while other promising
energy crops such as Jerusalem hoke (Paper [, Il) &d industrial hemp
(Paper 1V, V) have receed less attention.

Additionally, natural pesénd disease resistance adlves frost and drought
tolerance are beneficial traits thabme lignocellulosic energy crops e.g.
Jerusalem artichoke and heraphibit. Risk of failedharvests can thereby be
reduced, as sudden undesirable changegegther won't seriously affect the
viability of the biomass.

2.1.1 Chemical composition

Cellulose is the main eoponent of lignocellulosi biomass, while other
major constituents are hemicellulosad lignin (Figure 2). Cellulose is a
polysaccharide consisting of gluse molecules bound together byl-4)
bonds. These long polysaccharide chairentform different structures called
crystalline and amorphous cellulosea({divar et al., 2001). Like cellulose,



hemicellulose is a polysaccharide, lewer instead of containing only
glucose it consists of a combination loéxoses and pentes that includes
sugars such as xylosarabinose, mannose, galas¢ and glucose (Scheller
and Ulvskov, 2010). Ligm is a complex hydroxgked and methoxylated
phenylpropane polymer that forms céefat bonds with hemicellulose. This
complex and robust structure givesustural strength tglant stems and
trunks, but also resistance togdadation (Guo et al., 2001).

Figure 2. Structure of lignocellulse. Reprinted by permigsi from Nature Publishing
Group: Nature (EM Rubin Nature 454841-845 (2008) doi:10.1038/nature07190),
copyright 2008.

Content of cellulose, hemicellulosexd lignin in lignocellulosic biomasses
widely utilized as feestock for biofuel productio or for other biological
conversions is commonly 30-50 9%45-25% and 15-30%, respectively
(Carroll and Somerville, 2009).

The chemical composition of industrinemp presented iRapers IV and V
shows that cellulose caarit of hemp is high (4@6 %) and when combined
with 14-19 % hemicellulose the carbohgtls content becomes >55 %. The
cellulose content is higher than whatreported for sugaane bagasse, corn



stover and wheat straw, but lower th#rat of e.g. Eucalyptus. However,
when the total carbohydmatcontent is compared @l are all very similar
(Carroll and Somerville, 2009).

Jerusalem artichoke isfterent from other conventi@al high yielding energy
crops since it produces undergroundnsignocellulosic root vegetables
(tubers) in addition to the above groulghocellulosic biomass (Paper I, II;
Kosaric et al., 1984). In Paper | ethchemical composition of both
lignocellulosic- and tuber biomass mesented. Celluloseontent of the
lignocellulosic Jerusalem artichoke biass was reported to be rather low
(15-24 %). Harvest time was howevdrosvn to have great influence on the
content of cellulose, where harvestitite biomass later, e.g. in December
generally resulted in higher cellulosentent. Moreover, hemicellulose (11-
14 %) and lignin content (121 %) was not influencetb the same extent by
harvest time as cellulosgas (Paper 1). The undeaund tubers are however
rich in inulin, amounting to 10-20% of &k tuber weight. Inulin is a linear
polysaccharide consistingf fructose bonded by(2: 1) linkages that are
terminated by a glucose maolde bonded to fructose by a2: 1) bond
(Barclay and Ginic-M&wovic, 2010). Jerusalem tazhoke tubers have
potential for numerous uses includingnimal feed, produmn of purified
inulin for use as dietary fiber, high fttose syrup or production of bioethanol
or other biochemicals tbugh bioconversion (Papérll; Li et al., 2013).

2.1.2 Influence of clone selection and harvest time on biomass
productivity and composition
Biomass yields for lignocellulosic bicmsses (corn stovesugarcane bagasse
and wheat straw) are ithe range of 4-11 t Fadry matter (Del Rio et al.,
2012; Kadam and McMillan, 2003Sakdaronnarong and Jonglertjunya,
2012). However, energy crops sua@s Switchgrass and Miscanthus are
reported to produce around 20-30 t'haf dry matter (Lewandowski and
Heinz, 2003).

Identifying specific clones or genotypexd certain types of energy crops
which are better at coping with legavorable climates e.g. in northern
Europe, or generate highlkiomass yields is of higimportance. Studies have
shown that the biomass productivias well as biomas composition can
largely vary when comparing numeroaknes or genotypefAdler et al.,
2006; Berdahl et al., 2005; CliftoBrown and Lewandowski, 2002; Vogel
and Mitchell, 2008). Additionally, many dhe same studies also investigate
how seasonal time of harvest affectslgiand the chemicalomposition. Few



studies have been conducted where tine w&as to determine at what time of
year is best to harvest lignocellulosenergy crops (Christian et al., 2008;
Kreuger et al., 2011; Lewandowski at., 2003; Matias et al., 2013). The
ideal biomass feedstock for a biorefipgaroducing its main products through
biological conversions should preferabdgnerate high bimass yields per
area, and exhibit higbarbohydrate content.

Studies have been conducted wherenparison is made between different
clones or genotypes of non-conventibremergy crops such as industrial
hemp or Jerusalem artichoke as wellcasnparing the effecof harvesting
times (Paper I; Amaducat al., 2008; Gunnarson at., 1985; Kosaric et al.,
1984; Kreuger et al., 2011). Even whealtivated in thecold climate in
Northern Europe industrial hemp hasshereported to yield as much as 16 t
ha' of dry biomass (Amaducait al., 2008) which isignificantly higher than
that of corn stover, sugarcane bagaasd wheat straw. In Paper | where
eleven clones where cultivated andryested at three occasions, it was
reported that the highegield of Jerusalem arthoke lignocellulosic biomass
(35 t ha' dry matter) was up to three timéigher than other common types
of lignocellulosic biomass. These biomasslds were still comparable to that
of Switchgrass and Miscanthus.

Furthermore, as reportad Paper |, in additiorto the Jerusalem artichoke
lignocellulosic biomass, the plant alpooduced considerable amounts tubers.
It was observed that late harvestimgyen the lignocellulosic biomass had the
highest cellulose and hemicellulose it also resulted in high yield of
inulin from tubers (around 6 t Hadry matter).

2.1.3 Pretreatment

Pretreatment step isenessary to increase the gsity of lignocellulosic
biomass structure, so thlaydrolytic enzymes can gé@nproved access to the
cellulose fibres (Wyman etl., 2005). The increasqubrosity is mainly due to
lignin removal or hemicellulose hydrolgs but to what extent is greatly
dependant on which pretreatment methisdused (Alvira et al., 2010).
Pretreatment methods can be categgmt as being physical, chemical,
physicochemical or biologal depending on the natuo the pretreatment.
Harsh conditions involving addition odcid or alkaline, oxidative agents,
high temperatures and/orgasure are often used combination (Alvira et
al., 2010). Pretreatment methods sashsteam explosn (physicochemical)
or chemical pretreatments using dilute (0.5-2%)S@, or NaOH in
combination with high temperaturgl20-220 °C) are the most common



methods (Taherzadeh and Karimi, 2008). The use,@hlér other oxidative
agents has been shown to be dffecat high pH, commonly pH 10-12 for
effective removal of lignin (ldndriks and Zeeman, 2009).

Removal of lignin and/or hemicellse prior to hydrolysis using
pretreatment is directly linked witimproving the enzymatic digestibility of
cellulose fibres (Ohgren et al., 2Q08aengkanuk et al., 2011). Solubilization
of hemicelluloses through thermal ghreatment can haaver result in
formation of inhibitory compounds wth can inhibit enzymatic hydrolysis
and bioconversion procgess (Klinke et al., 2004Liu, 2006). The main
inhibitory compounds beingsugar degradation productsch as furfural and
hydroxymethylfurfural, acetic acid redleed from hemicellose, as well as
aromatic and phenolic compounds asule of lignin degradation (Palmqgvist
and Hahn-Hagerdal, 2000). Thus, aseesst of which inhibitory compounds
are formed during pretreatment is imf@ort in order to minimize inhibition
during bioconversion. Utiliation of novel types ofeedstock requires an
extensive assessment of which pratneent to use, since pretreatment
conditions can vary greatly depending the nature and composition of the
biomass.

Many pretreatments catalyse hemicelluldsglrolysis mainly into xylose, a
pentose (C5) sugar which many wilgbe microorganisms are unable to
ferment (Lloyd and Wyman, 2005).

In Papers IV and V, the performancedfferent pretreahent methods were
tested on hemp biomass. DiluteSD, pretreatment was exclusively used in
Paper V, where the effect of varyingetitoncentration of acid (0 — 2 %) as
well as pretreatment igperature (140, 180 °@®n biomass composition was
evaluated. However, in Paper |V etheffectiveness ofdifferent diluted
chemical agents, $$0,, NaOH and HO, was tested, and their use affected
biomass compositiorsaccharification and fermerttan processes differently.

2.1.4 Saccharification

Following appropriate pretreatment, assiility for cellulolytic enzymes to
the cellulose fibers is greatly ireased (Wyman et al., 2005). Enzyme
mixtures usually comining cellulases and -glucosidase are used to
hydrolyze cellulose to gcose. Cellulases (ende1 4-
glucanglucanhgrolases, exo-1,4-glucancellobiohydrolases) catalyze the
hydrolysis of cellulose to clelbiose (glucose dimer), while-glucosidase
subsequently hydrolyzesellobiose into monomeriglucose (Parisi, 1989).
The efficiency of cellultytic enzymes hadeen shown to be affected by



product inhibition (feedback inhitoon) when cellobiose and glucose
concentrations rise during enzymatic hyigsis of cellulose (Palmqvist and
Hahn-Hagerdal, 2000). After enzymatic hgiytsis, glucose as well as other
monosaccharides such as xylose aregres the hydrolysate and available
to microorganisms for fermentation.

As presented in Paper IV and V, epreatment greatlyinfluences the
efficiency of enzymatic hydrolysis ofellulose fibres inpretreated hemp
material. In paper V, an increase afound 69% in glucose release was
observed when hemp materiahs pretreatment with 1% ,80, opposed to
not adding acid at 180 °C. Furthermprwhen using the most favourable
pretreatment conditions, glucose yieafter enzymatichydrolysis reached
74.3% were reported. Similar trendsave been reported in studies
investigating the effect of pretreatnteon enzymatic hydrgkis using other
types of biomasses (Ferreaal., 2011; Xu et al., 2011).

In Paper 1V, results from enzymatic hydysis of hemp material pretreated
with three different diluté chemical agents (0-3%,80,, NaOH or HO,)
were reported (Figure 3). Resulthosved that the best pretreatment
conditions used in Paper V (1%,$0, at 180°C) led to the lowest glucose
concentration and yield dimg enzymatic hydrolysigFigure 3A), compared
the other chemical agents. Howevarhen using this ntéod, the second
highest overall sugar yiel(glucose + xylose) 070.4% after pretreatment
and hydrolysis was achieved. The highglucose conceration (31.3 g [
and yield (90.0%) was observed after hygsid of hemp material pretreated
with 3% H,0O,at 121°C (Figure 3C). Furthermerthis method resulted in the
highest overall sugar yiel(glucose + xylose) o73.5% after pretreatment
and hydrolysis.

While the use of enzymes for hydrolysis cellulose is sindard practice for
effective saccharification of pretreat lignocellulosic material, certain
biomasses require neithpretreatment nor additioof enzymes for effective
hydrolysis of polysaccharides presemt the biomass. Inulin present in
Jerusalem artichoke tubersman for example be hydrolyzed through dilute
H,SO, hydrolysis, where very low acidoncentrations are sufficient for
efficient inulin hydrolysis tdake place (Bper II; Pekiiet al., 1985). In Paper
[l tuber inulin was hydrolyseat 100 °C using only 0.2 % 80, solution,
where no pretreatment was used ama hydrolytic enzymes were added.
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2.2 Macroalgae

While utilization of lignocellulosic biomasas feedstock ibiorefineries is
expected to greatly increasn the near future, pradains related to land space,
water resources and fertilizer use llwinevitably occur as the human
population grows to almost 10 billidsy year 2050 (Ajanovic, 2011; Enquist-
Newman et al., 2014). Therefore, waitontinuing reseah efforts on the
different applications of lignocellulosibiomass, finding more efficient and
sustainable sources of biass will be essential. Ihis context, aquatic
biomasses such as macroalgae haenlsuggested as potential candidates to
be used in future biorafery concepts for the prodtien of third generation
transportation fuel, energy, chemicalsdamaterials (Enquist-Newman et al.,
2014). Macroalgae encompass a numbeanttfibutes of a model feedstock
that can help with meeting the altenges involved with the steadily
increasing demand for energy and fo&hce macroalgae does not required
land, neither fresh water nor fertilizerrfgrowing, cultivationof this type of
biomass avoids havingntagonistic impacts oréd production and resource
availability (Enquist-Newman etl., 2014; Jung et al., 2013).

Macroalgae biomass growth and cheah composition are considerably
affected by their environmental conaditis where temperature, light, nutrient
availability, salinity andwater currents are the mafactors. To what extent
the macroalgae is fEcted by the different emonmental factors is highly
dependent on their taxonomical clasaesl species (Holdt and Kraan, 2011;
Jung et al., 2013).

The brown algad.aminaria digitatais one the most promising macroalgae
species for utilization as biorefinergddstock (Paper VI; Jung et al., 2013).

2.2.1 Composition

Brown macroalgae species suchladigitata, are of particular interest since
they often contain high chohydrate and protein caarit, while they do not
contain any lignin (Holdt and Kraar2011). The absencef lignin means
harsh pretreatments are at timeasnnecessary prior to enzymatic
saccharification of polyaccharides. Sugars can tefrre be extracted more
readily than compared to land basedrbass such as ligoellulose (Paper
VI; Enquist-Newman et al2014; Wargacki et al., 2012).

From species with high protein conteptptein meal for animal feed can be
produced to add value to the biorefig (Holdt and Kraan, 2011). However,
the protein content of macroalgaeries greatly between species. Brown
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macroalgae such das. digitata generally contain 3-186 of dry weight is
protein, which is low compared green macroalgae (Fleurence, 1999).

Lipid content of macroalgaks in general considered be low compared to
other types of biomass feedstoclddabeau and Fleurence, 1993) ahd
digitata is reported to be one of the speccontaining the least amount (0.3-3
% dry weight) of lipids (Fleurencet al., 1994; Holdt and Kraan, 2011).
While the lipid content ionsidered to be low in macroalgae, it has been
reported that a considerably lardgeaction of the lipid components are
essential polyunsaturatedttipa acids (PUFA) such a3 and &6 fatty acids
(MacArtain et al., 2007). The ptein and lipid content of thé. digitata
biomass utilized in Paper VI was foundlie 3.5 % and 0.8 %, respectively.
These two constituents were therefdseth on the lower side of values
reported forL. digitata

Carbohydrate content of diy. digitata and other brown macroalgae species
can reach up to 60 % or even higheager VI; Holdt and Kraan, 2011; Wei
et al., 2013). The carbohydrates presenL.irdigitata are mainly laminarin
and mannitol, while someellulose and alginate islso present. Like
cellulose, laminarin is completely cmsed of glucose molecules. However,
unlike cellulose, the glucose unitslaminarin are linked together byl : 3)
bonds forming a linear polysaccharideth branches composed of glucose
molecules with (1: 6) bonds (Adams et al2014). Mannitol, an alcohol
form of the sugar mannose, is presentirdigitatain free monomeric form
and is easily extracted. Both glueognd mannitol can be fermented by
numerous microorganisms, while a veimited number is able to metabolize
uronic acids, the constituents of algingiaper VI; Enquist-Newman et al.,
2014; Wargacki et al., 2012). Since thentant of carbohydrates in the algae
biomass can vary greathetween seasons, even between months or weeks (J
M M Adams et al.,, 2011), the content fermentable sugars is of high
importance for a biorefinery produng its main products through
fermentation.

In Paper VI was reported that ttetal carbohydrate content of the digitata
biomass harvested iAugust was 77.6 % w W of dry biomass, where
glucose and mannitol content was measl to be 69.6 % and 8.0 % w'wof
dry biomass, respectively. While ghreported carbohydte content was
higher than reported in loér studies investigating. digitata (J M M Adams
et al.,, 2011; Holdt and Kraan, 2011)etlesults can only be explained by
favorable environmental conditiotsading up to the harvesting.
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2.2.2 Saccharification

Due to the absence of lignin andetlporous structure of the biomass,
macroalgae is much less ridge than lignocellulose. Therefore
polysaccharides found in macroalgaes arulnerable to hydrolysis. Some
studies report using dilute acid or dika pretreatmenprior to hydrolysis,
while other studies elect not to useeppeatment (John e&tl., 2011; Tan and
Lee, 2014; Trivedi et al., 2013). Whichethodology is usethrgely depends
on which macroalgae species watlized, carbohydrate content and their
degradability. Most common methodsof hydrolyzing macroalgae
polysaccharides are direct dilute admydrolysis or emymatic hydrolysis
(Borines et al., 2013).

Numerous investigations have beeoonducted wherehydrolysis of
macroalgae biomass is done priorsome sort of fermentation, commonly
bioethanol fermentation (Borines et,&013; Jang et al., 2012; Tan and Lee,
2014; Trivedi et al., 203). However, a common @blem in many of these
studies is that the conceations of fermentable sugapresent in hydrolysate
after either acid and/or enzymatic hydra$ys low. To show that macroalgae
can realistically replace loér less sustainable biasses as feedstock for
biorefinery bioconversion processes twncentrations of fermentable sugars
need to at least exceed 100 g, preferably much more.

In paper VI very high dad loading (up to 250 g £) of driedL. digitatawas
used for enzymatic hydrolysis withowny previous pretreatment step.
Results presented in Paper VI showtteven when usg such high biomass
solid loading (250 g L) of L. digitata enzymatic hydrolysis efficiency of
78% was reached where the final cortcations of glucose and mannitol in
the hydrolysate corresponded to 119.4 § and 18.8 g L, respectively
(Figure 4). Reaching these high sugaoncentrations is critical if
bioconversion routs folwing the hydrolysis ste@are to produce sufficient
quantity of product so that later dostream processing steps can become
economically feasible.
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Figure 4. Enzymatic hydrolysis of dried. digitatamaterial.

Moreover, in Paper VI thé. digitata post hydrolysis solid residue (PHSR)
was collected and analyzed. Results sbavthat by removing most of the
laminarin and mannitol from the biomasther biomass cotituents were up-
concentrated. It was fodrthat protein content of PHSR was 3.5 times higher
(from 3.45 to 12.15 % dry matter) thavhat was measured in the original
dried L. digitata material. The same trend wabserved with lipid content,
which increased even more, or 8.6 ésn(from 0.77 to 6.61 % dry matter).
The up-concentration of the<onstituents definitelgdds value and prospect
of further utilization of PHSR forproducing other products within the
biorefinery concept.

15



16



3 Bioconversions

3.1 Bioethanol

As a result of increased public intetge scientific resarch concerning the
production of biofuels has increaseduatically. Nevertheless, the majority
of current production processes for hiefs such as bioethanol, are single
production chains. Additionally, thegerocesses usually require feedstock
e.g. sugar from sugarcame corn starch, which sellts in competition with
food and feed productiorA great escalation inx@loitation of food crops
such as sugarcane aorn for biofuel productin is thereby limited
(FitzPatrick et al., 2010). Bioethanploduced from these types of biomass
feedstocks are generally referred tofiast generation biakanol. Yeasts are
the most common microorganisms uded production of bioethanol, where
Saccharomyces cerevisiag the most widly used speciesS. cerevisiaeis
known to ferment very efficiently ugars such as glucose, fructose and
sucrose into ethanol and GOTheoretically, 2 moles of ethanol can be
obtained from fermentation of 1 mole béxose (C6) sugar such as glucose

(Eg. 1).
GH1.0s : 2 GHsOH + 2 CQ Eq. 1

Ethanol produced through fermentati of lignocellulosic biomass is
commonly referred to as secorgeneration bioethreol. The production
process generally consis of the following stps: Size reduction,
pretreatment, enzymatic hydrolysidermentation and ethanol recovery
(Carroll and Somerville, 2009).

The production of bioethanol from ligoellulosic raw material has been
widely investigated imecent decades (Suurs aHdkkert, 2009). During that
time, numerous plant biomass feedg&®avith high cellulose content (30-
45% of dry matter) such agheat straw, rice straveprn stover and sugarcane
bagasse have been studied and teageteedstocks for ethanol fermentation
(Carriquiry et al., 2011; Geoll and Somerville, 2009).

Full commercialisation of second geagon bioethanol gpears to remain
some years away, evehaugh research and devphloent has been ongoing
for several decades and large invesitaehave been made in pilot- and
demonstration scale plants in US, &pe and elsewhere i{8s et al., 2010).
Though second generationokthanol is still notable to compete cost-
effectively with first generation bioedéimol or fossil derived transportations
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fuels there have still been madeyrsficant improvemerst to the process
(Geddes et al., 2011).

It has been shown th&. cerevisiaean normally ferment glucose present in
lignocellulose hydrolysates, however itability to ferment xylose has been
a major obstacle for second generatiooefihanol productin (Jeffries, 2006;
Zhang and Geng, 2012). Efficient xyloB¥mentation is essential for second
generation bioethanol to becomeoromically viable (Zhang and Geng,
2012), whether that would be feemtation into ethanol, or possibly
production of other biochemicals thrdu§ermentation of xylose in a separate
process using the biorefineryromept (Kaparaju et al., 2009).

Fermentation of differenthemp hydrolysates using. cere