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Abstract

Transportation fuels from renewable resources such as ethanol are one of the
alternatives to ensure energy security and decrease the net emission of carbon dioxide.
First-generation ethanol production from sugar- and starch-based raw materials (1G)
is today well established in many countries, and the focus of research has thus shifted
to the development and demonstration of the production of second-generation
bioethanol from lignocellulose (2G).

This thesis deals with the development of process configurations for bioethanol
production from wheat straw integrated with wheat starch-based ethanol production.
One part of the work focused on integration in simultaneous saccharification and
fermentation (SSF) of steam-pretreated wheat straw (SPWS) with pre-saccharified,
completely saccharified or fermented wheat meal using baker’s yeast, Saccharomyces
cerevisiae. Mixing wheat straw and pre-saccharified or saccharified wheat meal was
shown to be beneficial for both 1G and 2G ethanol production. Not only the ethanol
concentrations, but also the ethanol yields, increased when pre-saccharified wheat
meal was mixed with SPWS. The highest ethanol yield achieved was higher than that
obtained with SSF of either raw material alone. Ethanol yields above 80% of the
theoretical (from the hexose sugars) and ethanol concentrations of about 6% (w/v)
were achieved in batch SSF. Ethanol concentrations at such levels reduce the energy
demand in distillation, thus lowering the production cost.

Since wheat straw contains a large amount of xylose, integrated process configurations
were developed and investigated in an attempt to improve xylose utilization by a
xylose-fermenting, genetically modified strain, S. cerevisiae TMB3400, in the second
part of the work. The most promising configuration for co-fermentation of glucose
and xylose was separate hydrolysis and co-fermentation of SPWS, as this allowed the
glucose concentration to be controlled by the wheat-starch hydrolysate feed. An
ethanol yield of 92% was achieved after fermentation based on glucose and xylose,
and almost complete xylose consumption was achieved.

In the last part of the work, differences in the performance of two mutated strains of
S. cerevisiae TMB3400 were revealed. It was shown that KE6-13i was more tolerant
to inhibitors, while KE6-12 performed better in less inhibitory environments.
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Popularvetenskaplig sammanfattning

Forbrinning av fossila brinslen som bensin, kol, olja och naturgas orsakar att
koldioxid ackumuleras i atmosfiren, vilket 4r en av orsakerna till global uppvirmning.
Transportsektorn stir for storsta delen av Sveriges anvindning av bensin och olja.
Oljan ir importerad frin andra linder, som gor oss vildigt beroende av omvirlden.
Ett av de mest lovande alternativa brinsle som kan ersitta delar av dagens stora
forbrukning av fordonsbrinslen ir bioetanol, som redan idag anvinds i varierande
andelar i bensin i Sverige. Bioetanol tillverkas idag huvudsakligen av socker- eller
stirkelsebaserade ravaror, som sockerrér, sockerbetor eller spannmal, ofta betecknat
som forsta-generationens bioetanol (1G). Emellertid utnyttjar man da resurser som
delvis konkurrerar med matproduktion. Cellulosahaltiga biprodukter har dirfor stor
potential att anvindas som ravara for framtidens andra-generationens bioetanol (2G).

Jordbruksbiprodukter, som vetehalm, innehéller sockerpolymerer, som kan brytas ner
av enzymer till enskilda sockermolekyler (glukos) som kan jisas till etanol med
mikroorganismer, till exempel jist. Omvandlingen av lignocellulosa till sockerarter ir
tyvirr svir. Man maste forbehandla materialet vid hdga temperaturer, runt 170-
220°C sa att strukturen 6ppnas och for att enzymer ska na cellulosafibrerna. Under
forbehandlingen genereras dessutom produkter av nedbrutna sockerarter- inhibitorer-
som forhindrar jisten att fungera optimalt.

For att nid hog etanolkoncentration efter jisningen, behdver man 6ka mingden
forbehandlat material i processen (mingden jisbart socker dr direke relaterat dill
mingden révara), vilket kan resultera i minskat utbyte. Mélsittningen i denna studie
har varit att héja utbytet och koncentrationen av etanol for att minska energibehovet
under destillationen. Genom integration med 1G-etanol frin vete kan man dé sinka
produktionskostnaden av 2G-etanol fran vetehalm. Malet var ocksd att utveckla och
designa integrerade processer for att ta fram tekno-ekonomiska data for bista driftsitt
for den kombinerade processen, avseende bide hogsta etanolproduktion och optimalt
utnyttjande av virdefulla biproduketer.

I avhandlingen visas att delvis eller helt férsockrat vete inte bara 6kar koncentrationen
i processen, utan ocksd att utbytet av etanol kan stiga. Detta beror pa méjligheten att
spida inhibitorkoncentrationerna till en lagom nivd dir jisten kinner en mattlig
stress, vilket faktiskt kan medféra en okad produktion av etanol. Fordelen med
tillsdtening av helt forsockrad vitska 4r att man kan utvinna restprodukter fran 1G
processen och silja dem som djurfoder.

For att oka etanolutbytet, kan man ocksi utnyttja sockerarter frin hemicellulosan,
som utgdr en stor del av jordbruksbiprodukter. Hemicellulosa innehiller dock mest
sockerarter med fem kolatomer (pentoser) som inte ir jisbara med vanlig bagerijist.



Nu finns det modifierad jist, som har formagan att jisa glukos och pentos samtidigt,
om det inte finns f6r mycket glukos, som oftast ar den sockerart, som jisten foredrar.
Olika metoder for tillsats av glukos genom att utnyttja férsockrat vete och limpliga
integrerade processkonfigurationer for att forbittra omsittningen av pentoserna har
ockséd undersokts i denna studie.
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Tudomanyos 6sszefoglalé

A fosszilis tizemanyagok, mint a szén, a kdolaj és a foldgdz elégetése sordn szén-dioxid
szabadul fel, ami a légkorben felhalmozédva hozzdjérul a globdlis felmelegedéshez,
emellett a kdolaj import kiszolgdltatott helyzetet teremt az eurdpai orszdgok szdmadra.
A benzin és a gizolaj felhaszndldsiban a transzportszektornak van a legjelentdsebb
szerepe, melyben az egyik legigéretesebb helyettesitd, azaz alternativ {izemanyag a
bioetanol, amit {izemanyag adalékként mdr ma is hasznilnak. A bioetanolt elsésorban
cukor- ¢és keményité-tartalmi nyersanyagokbdl dllitjdk el8, mint a cukorndd, a
cukorrépa vagy gabonafélék, ezt elsé-generdciés (1G) bioetanolnak nevezziik.
Azonban probléma, hogy élelmiszer vagy takarmdny alapanyagokat etikus-e bioetanol
gydrtdsra  haszndlni, ezért a celluléz (természetes gliikéz polimer) alapu
melléktermékek elényben részesiilnek a bioetanol gydrtds sordn. Az utébbiakbdl
elédllitott alkoholt nevezzitk masodik-generdcids (2G) bioetanolnak.

A lignocelluléz alapti mezdgazdasigi melléktermékek, mint példdul a bizaszalma,
cukorpolimereket tartalmaznak, amit bizonyos enzimek egyszeri cukormolekuldkks,
glitkdzzd bontanak le. A glitkézt egyes mikroorganizmusok, mint példdul az élesztd,
képesek alkoholld alakitani. A névényi lignocellulézt 8sszetett strukedrdja miatt
viszont nehéz monomer cukorrd lebontani, ezért a nyersanyagot magas hémérsékleten
(170-220°C) el kell kezelni, hogy a cellulézrostok hozzéférhetdek legyenek az
enzimek szdmdra. Az elSkezelés sordn a lebontott cukrokbdl inhibitorok is
keletkezhetnek, amik gdtoljdk az élesztd miikodését. Ahhoz, hogy nagy etanol
koncentriciot lehessen elérni, névelni kell az el8kezelt anyag siirtiségét a folyamatban,
ez azonban megndvekedett inhibitor koncentriciét jelent és csdkkenti a hozamot.

Jelen tudomdnyos munka célja az etanol hozam és koncentrcié novelése volt az 1G és
2G etanol gydrtdsi technoldgia integrdldsa dltal, ami a desztilldldsban kisebb
energiafelhasznaldshoz vezet, ezdltal javitja a gydrtds gazdasdgossdgit. A munka sordn
az egyesitett folyamatok tervezése és fejlesziése is cél volt a maximdlis hozam és az
optimdlis végtermék koncentricié elérését szem elStt tartva. A részlegesen vagy
teljesen elcukrositott buzaliszt hozzdkeverése a buzaszalma alapt folyamathoz névelte
az etanol koncentricidtés az etanol hozamot is. Ennek oka lehet, hogy a megfeleléen
alacsony inhibitor koncentricié valéjdban még novelheti is az etanol hozamot azdltal,
hogy enyhe stresszt gyakorol az élesztére. A teljesen elcukrositott buzaliszt
hozzdaddsdnak tovdbbi elénye egy 1G melléktermék (DDGS) kinyerésének és
értékesithetdségének a lehetdsége.

Az etanolhozam névelése céljdbél a hemicelluléz cukrokat is érdemes felhaszndlni, ami
jelent8s részét teszi ki a mezdgazdasdgi melléktermékeknek. A hemicelluléz viszont
nagyrészt xilézt tartalmaz, amit a pékéleszté nem tud etanolld alakitani. Igaz, ma mar
van olyan genetikailag médositott véltozata, ami képes erre, de csak abban az esetben,
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ha nincs til sok glitkkéz jelen, amit az élesztd elényben részesit. A glitkéz rdcdplalds
megfeleld médja eldsegitheti a xiléz felhasznaldsdt az integrélt folyamatokban, ennek
vizsgalata szintén e munka célja volt.
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1 Introduction

The world’s population has doubled during the last fifty years hence looking ahead
we face major challenges in satisfying needs for food and energy. The extensive use of
oil, coal and natural gas has made today’s economy highly dependent on fossil fuels.
Economic growth will increase the demand for personal mobility, and the transport
sector in emerging economies will require greater oil supplies. Since crude oil
production at existing oil fields is declining (IEA 2010), oil companies are being
forced to turn to more costly sources of oil. According to the International Energy
Agency, oil prices will remain high, or increase, in the next twenty years (IEA 2011).
Renewable energy systems must, therefore, be implemented globally to satisfy the
increasing energy demand and ensure national energy security.

Another important reason for replacing today’s fossil-fuel-based energy systems with
biomass-based systems is to reduce the accumulation of carbon dioxide (CO,) in the
atmosphere. CO, is a greenhouse gas (GHG) and is responsible for the greatest
proportion of the greenhouse effect after water vapour (IPCC 2007). Burning fossil
fuels releases CO, that has been stored for millions of years in deep reserves. An
increase in GHGs traps more heat in the Earth’s atmosphere leading to an increase in
the average temperature and ultimately, climate change. Climate change has been
intensively debated during the past 20 years, and several international and national
agreements have been signed to reduce its environmental impact. The first agreement,
which legally established binding obligations for developed countries to mitigate their
GHG emissions, was the Kyoto Protocol. It was adopted in Kyoto in 1997, and
implemented in 2005. One of the targets was to achieve an average 5% reduction in
GHG emissions during the period 2008-2012, compared to the level in 1990
(UNFCCC 2013). In 2009, the European Union (EU) pledged a 20% unilateral
reduction target for 2020, compared to 1990 levels. It is hoped that this target may
increase to 30% through the cooperation of other developed countries (WRI 2013).
Sweden has set a target of reducing its GHG emission by 40% by 2020, compared
with 1990 levels, and plans to have a transportation sector with no net emission of
GHGs into the atmosphere by 2050 (Energimyndigheten 2011).

GHG emissions can be most efficiently reduced in the transport sector, which
accounted for over 60% of oil consumption worldwide in 2010 (IEA 2012). In the
USA, transportation contributed about one third of the total GHG emission, and
consumed most of its imported oil (Ross Morrow et al. 2010). Renewable



1 Introduction

transportation fuels produced from biomass (biofuels) are therefore desirable
alternatives to fossil fuels. Plants use CO, and water for photosynthesis, i.e. for
glucose and oxygen production. This creates a carbon sink, as the CO, released by the
combustion of other plant material is used during growth. This is called the carbon
cycle, and in the ideal case this will be neutral, if the same amount of CO, is
sequestered as is released during the combustion of biofuel products. However, all the
environmental effects of producing and using biofuels require careful consideration.
Life cycle assessment (LCA) has become the main method used for both qualitative
and quantitative evaluation of the environmental impact of biofuels (de Vries et al.
2010; Fazio and Monti 2011). However, the variation in the results obtained in LCA
studies depends on the quality of the input data (Borjesson and Tufvesson 2011). It
is, therefore, difficult to compare biofuel chains due to the variations in conditions
and parameters; for instance, different local agricultural practices and growth rates can
lead to significant uncertainties (Chiaramonti and Recchia 2010). A certain biofuel
can thus be a good alternative or a poor alternative, in terms of GHG emission,
depending on the raw material used, and the production process and location
(Borjesson 2009; Kendall and Chang 2009). Consequently, the impact of the whole
production chain of biofuels based on LCA must be carefully considered when
developing certification systems for biofuels.

Ethanol produced from biomass, also called bioethanol, has a considerable potential
to replace oil to some degree, as it is a liquid fuel that can be easily integrated into the
existing infrastructure for fuel distribution. Ethanol as a fuel is not a discovery of the
21" century. The engine of the first flexi-fuel automobile designed by Henry Ford
(1863-1947) was capable of running on ethanol or gasoline, or a combination of the
two. Today’s flexi-fuel vehicles can use ethanol blends up to 100% depending on the
climate. Today, ethanol is mostly used as an additive to gasoline up to a maximum of
20%, and can be used in most modern spark-ignition engines without the need for
any modification. In Sweden, gasoline contains 5% ethanol, and there is an
established distribution network for E85 (85% denatured ethanol fuel and 15%
gasoline), which has accelerated the large-scale adoption of flexi-fuel vehicles since
2005 (Pacini and Silveira 2011). Although the domestic production of bioethanol is
increasing, most is imported, mainly cheap ethanol originating from sugarcane, in
Brazil (Dahlbacka 2009).

1.1 Ethanol from biomass

In order to produce ethanol from biomass a source of sugar is required. Since sugar
can be produced from three types of feedstock: i) sucrose-containing sugar crops (e.g.
sugarcane or sugar beet), ii) starchy cereals (e.g. wheat, corn and barley), or iii)



lignocellulosic biomass (e.g. wood, straw or herbaceous grasses) (Balat et al. 2008), so
can bioethanol.

Today, bioethanol is produced commercially from sugar- or starch-based raw
materials, and is often referred to as “first-generation (1G) bioethanol”. Ethanol from
sucrose is simply produced by fermentation after the extraction of sugars from the raw
material. In a starch-based process, the starch must first be liquefied and saccharified
to produce sugars that can be fermented to ethanol.

Data on ethanol production from the most significant producers in the world are
collected in Table 1.1. The largest ethanol producer today, the USA, more than
doubled its production based on corn between 2007 and 2011, as the number of
ethanol plants increased from 110 in 2007 to over 200 in 2011 (RFA 2012).

Brazil is the second largest producer, and its ethanol industry has been based on
sugarcane since 1976. In Europe, Germany and France produce the largest quantities
of bioethanol, mainly from starch-rich raw materials such as wheat and barley.

Table 1.1 World fuel ethanol production from 2007 to 2011 (billions of litres). US (Renewable
Fuel Association 2012)

2007 2008 2009 2010 2011

USA 24.60 34.07 40.12 50.08 52.61
Brazil 19.00 24.50 24.90 26.20 21.09
European Union 2.16 2.78 3.93 4.57 4.42
China 1.84 1.90 2.05 2.05 2.10
Canada 0.80 0.90 1.10 1.35 1.75
Australia 0.10 0.10 0.21 0.25 0.33

Although 1G ethanol production is well established and understood, questions arise
regarding not only sustainability, but also the ethics of using food resources for fuel
production. The influence of biofuel production on food commodity prices is widely
debated. Assessments are very uncertain (Sims et al. 2010), ranging from zero up to as
high as 75% (Chakrabortty 2008) of the total increase in food price. In a systematic
investigation, Baffes and Haniotis argue that the effect has not been as large as
originally thought (Baffes and Haniotis 2010).



1 Introduction

Future expansion of the bioethanol industry must, in any case, be based on
production from lignocellulosic resources. Therefore, research has been shifted to the
development of second-generation (2G) bioethanol. However, 2G ethanol is still not
economically feasible due to low biomass utilization and high production cost.
Lignocellulosic materials contain carbohydrates in the form of cellulose and
hemicellulose, which can be converted into ethanol through acid or enzymatic
processes (Galbe and Zacchi 2002). Conversion with the help of biodegradable
enzymes as catalysts is preferred over acids, which may have a toxic effect. However,
the enzymes are not able to degrade biomass on a reasonable timescale, due to the
natural recalcitrance of lignocelluloses. To enhance the accessibility of the cellulose
fibres to the enzymes, a pretreatment step is necessary. Pretreatment is considered to
be the key for efficient utilization of lignocellulose (Galbe and Zacchi 2012), as it has
a considerable impact on all the other steps in the process, such as hydrolysis,
fermentation and product recovery by distillation.

Distillation has a large impact on the overall energy demand, which is highly
dependent on the ethanol concentration in the feed (Galbe et al. 2011). A minimum
of 4-5% (w/w) ethanol is required in a lignocellulosic process. To reach such a high
ethanol concentration, a high water-insoluble solids (WIS) content is required in the
hydrolysis and fermentation steps; however, this usually results in a lower yield due to
inhibition caused by degradation products or poor mass transfer (Hoyer et al. 2009;
Jorgensen et al. 2007).

One promising option to improve the ethanol concentration is to integrate 1G and
2G ethanol production, i.e., to use the whole crop. This could be beneficial for both
processes as it is difficult to reach high ethanol concentrations in the 2G processes,
while starch-based ethanol production often requires dilution of the sugar. With a
higher ethanol concentration, the cost of distillation in the 2G process would be
reduced due to the reduction in the energy required for distillation. In return, the
surplus energy, which could be obtained by the combustion of lignin, could provide
both 1G and 2G plants with heat and electricity. The two processes can be integrated
in many ways, and the investigation of plausible process alternatives was one of the
main subjects of the research presented in this thesis.

Another alternative to improve ethanol yield is to also utilize the hemicellulose
fraction of herbaceous (and hardwood) crops, which contains mostly xylose (C5
sugar). Most microorganisms can ferment C6 sugars such as glucose easily, but not
xylose. Modified microorganisms exist today that can ferment both C5 and C6 sugars
simultaneously; but the process configuration must be appropriately designed to
achieve efficient utilization of both sugars. The improvement of glucose and xylose
co-fermentation with applications in some integrated scenarios has also been
addressed in this work.



1.2 Scope and outline of this thesis

The work described in this thesis is focused mainly on the development of process
configurations for the integration of 2G bioethanol production from wheat straw
with 1G wheat starch-based ethanol production. The main objective of the work was
to improve the ethanol yield and to reach a sufficiently high ethanol concentration
following fermentation to reduce the energy requirements in downstream processes,
thus improving the economy of the process. Studies were also carried out to develop
and investigate combined processes with respect to optimal use of the co-products.

Another aspect of the present work was to find ways of increasing ethanol production
from wheat straw by improving xylose conversion in different process configurations.
To achieve enhanced glucose and xylose co-fermentation, integrated process
configurations with suitable glucose feeding requirements were developed in separate
hydrolysis and co-fermentation (SHCF) and simultaneous saccharification and co-
fermentation (SSCF). The glucose and xylose co-fermentation performance of
recently developed xylose-fermenting microorganisms in batch and fed-batch SHF
was also investigated.

In Chapter 1, the current studies are put in perspective. Chapter 2 describes the
structure of starch and how ethanol can be produced from starch-based raw materials,
such as wheat grain. A description of the structures of the constituents of
lignocellulosic biomass, and the composition of different feedstocks used for ethanol
production, particularly wheat straw, is provided in Chapter 3. This chapter also
presents an overview of the technological routes used for the production of ethanol
from lignocellulose, as well as the current state of commercialization. Chapter 4
explains in detail how ethanol can be produced from lignocellulose-based raw
materials by the enzymatic conversion process. Different alternatives for the
integration of starch- and cellulose-based processes investigated and developed in this
work are presented in Chapter 5. In this chapter the results presented in Paper I and
the results related to integration in Papers II and V are discussed. Chapter 6 deals
with glucose and xylose co-fermentation. This chapter summarizes the results given in
Papers III and IV and the results related to glucose and xylose co-fermentation in
Papers II and V. The most important findings and some suggestions for future work
are summarized in Chapter 7.






2 Ethanol from starch

2.1 Cereal crops as raw materials

Various starch-containing materials, such as corn and wheat, are traditional raw
materials in today’s ethanol production. Starch is the most abundant constituent of
cereal kernels, and varies with the type of grain. Grain starch consists primarily of
amylose and amylopectin. Amylose is the straight-chained polymer of D-glucose
units, which are linked by B-1,4 glucosidic linkages with only a few side chains
(Figure 2.1), giving it its helical characteristics. In contrast, amylopectin also has
branches connected with B-1,6 linkages (Kelsall and Lyons 2003). The ratio of
amylose to amylopectin is specific to each starch source, and affects its gelatinization
properties (Power 2003) (as discussed in Section 2.2). Corn and wheat have similar
starch contents, and the amylose to amylopectin ratios are also similar.

Wheat, derived from the wild 77iticum, a grass native to the Middle East, is today the
fifth major cereal plant cultivated in the world (Geohive 2012). It is the main cereal
used in bread making because of its high value as a food commodity; hence the use of
wheat for industrial purposes has been fairly limited until recently. Today, it is one of
the main raw materials used for ethanol production in Europe. In Sweden, ethanol is
produced from wheat, rye and barley in a dry-mill plant in Norrképing (the
Agroetanol Plant), where 210 000 m’ ethanol are produced from 550 000 tons of
grain annually. (Agroetanol 2013). Dry-milled wheat grain obtained from Agroetanol
was used as the raw material in the studies described in Papers I-IIT and V. The wheat
meal consisted of 72.7% starch and 24.3% starch-free fibre, based on dry weight. The
composition of the starch-free fibre fraction was as follows: 17.5% glucan, 14.4%
xylan, 8.5% arabinan, 1.6% galactan and 18.2% lignin.
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Figure 2.1 Structure of amylose (A) and amylopectin (B), the constituents of starch. In amylose, the
glucose units are bound by o-1,4 linkages, while in amylopectin the branches are connected by a-
1,6 linkages.

2.2 Conversion of starch to ethanol

The technologies currently used as pretreatment for the production of ethanol from
cereals are dry milling or wet milling. A simplified representation of the two processes
is shown in Figure 2.2.
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Figure 2.2 Flow sheet for the production of ethanol from starch-containing materials by wet- and
dry-milling. Saccharification and fermentation can be performed simultaneously in SSF. DDGS

denotes distiller’s dried grains with solubles.



2 Ethanol from starch

Wet milling, which is used for corn, is the process in which the components are
separated after hydration of the starch-containing grain. The major components
separated are: the germ, corn gluten meal, corn gluten feed and starch. Starch is the
primary product of the process and can be converted into various products, including
ethanol (Elander and Putsche 1996). The first step of the process is steeping at about
49-53 °C. The protein-rich steep liquor is an excellent fermentation nutrient source,
and is used as an additive in the production of organic acids, amino acids, enzymes
and ethanol (Destexhe et al. 2004). The germ, which typically contains up to 50%
oil, is further processed to extract corn oil, the most valuable product of the process,
and the gluten is used as animal feed. Corn gluten feed is the high-fibre, low-protein
fraction in the process, and can be used as a source of energy, or as a source of protein
and fibre for cattle feed, while corn gluten meal is the high-protein, low-fibre fraction
which can be used to generate energy, or as a source of protein, vitamins and minerals
for poultry (Ramirez et al. 2008). The grain is milled very gently to ensure high
quality of the starch and high purity of the co-products. Since wet mill plants are
multi-product biorefineries, they are more expensive to build than single-purpose dry-
mill facilities. Therefore, the dry-mill process is more common in the processing of
corn today. Other grains, such as wheat or barley, are only processed by dry-milling.
Dry milling provides higher ethanol yields than wet milling (Entrix 2010).

In the dry-milling process, the whole grain is ground a fine particle size to facilitate
penetration of the water during cooking, which has several purposes, including
sterilization, solubilization of sugars and the release of the bound sugars and dextrins
(long sugar chains). The conversion of starch into sugars is followed by fermentation
and the distillation of the ethanol, which are similar in both the wet- and dry-milling
process.

The purpose of cooking and saccharification is to hydrolyse the starch into
fermentable monomer sugars, since starch cannot be directly metabolized by yeast.
This is accomplished by the endo-enzyme a-amylase followed by the action of the
exo-enzyme glucoamylase (amyloglucosidase). During liquefaction, the actual enzyme
attack is preceded by the gelatinization phase, during which the starch granules lose
their crystalline structure and become available to the a-amylase while being cooked
at 90-120 °C. During gelatinization, the mash reaches its maximum viscosity. When
thermostable o-amylases start breaking down the starch polymer into soluble dextrins,
by randomly hydrolysing a-1,4 bonds, the viscosity decreases rapidly. The dextrinized
mash is then cooled to 55-70 °C, and after the pH has been readjusted, glucoamylase
is added. Glucoamylase converts the liquefied mixture of dextrins into individual
glucose molecules in the saccharification step. The shorter the length of the chains,
the less work remains for the exo-enzyme glucoamylase, which releases single glucose
molecules by hydrolysing the a-1,4 linkages, beginning at the non-reducing end of
the dextrin chain (Kelsall and Lyons 2003).
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After saccharification, the mash is cooled to 32 °C and the glucose is converted to
ethanol by yeast, for instance, Saccharomyces cerevisiae.

Fermentation requires 48-72 hours, and a final ethanol concentration of 10-12% is
obtained (Bothast and Schlicher 2005). In many plants, however, saccharification is
often performed in the same vessel as fermentation after a short pre-saccharification
phase, where the released glucose is simultaneously converted to ethanol using SSF. In
this configuration, the process time is reduced, the risk of infection is minimized, and
end-product inhibition from enzymatic hydrolysis is eliminated (Bothast and
Schlicher 2005; Destexhe et al. 2004). Either batch or continuous fermentation
systems may be used, although batch processing is more common. Very high gravity
fermentation systems are designed to minimize dilution by water, giving the potential
of increasing the final ethanol concentration, thus reducing the energy required in the
processes following fermentation (Bothast and Schlicher 2005; Jones and Ingledew

1994b).

After distillation of the ethanol, the stillage is centrifuged and separated into a solid
and a liquid fraction. The liquid is then concentrated by evaporation and mixed with
the solid fraction again. In the final step, the mixture is dried to give a valuable co-
product, called distiller’s dried grains with solubles (DDGS). DDGS is sold as animal

feed as it contains compounds with high nutritional value (Galbe et al. 2011).

2.2.1 Enzymatic conversion of wheat meal

Dry-milled wheat grain, here denoted wheat meal, was used as the raw material in the
current work when partially or completely saccharified wheat meal was integrated into
the lignocellulosic process (described in Chapter 3). The first step of wheat meal
processing was liquefaction. In this step, the wheat meal slurry, with a dry matter
(DM) content adjusted to 35% (w/w), was supplemented with a-amylase. The slurry
after liquefaction, denoted liquefied wheat meal (LWM) was used for integration with
the lignocellulosic ethanol process (Paper II). Saccharification of the LWM was
accomplished by adding amyloglucosidase to the slurry. In the study presented in
Paper I, a short (2-hour) partial saccharification step was performed, resulting in a
solution containing 53% of the total amount of glucose, corresponding to 68 dextrose
equivalents, which is an indication of the total amount of reducing sugars, expressed
as the D-glucose present in the solution. A value around 50-70 has been recommend-
ed as optimal in the starch-to-ethanol process (Destexhe et al. 2004; Montesinos and
Navarro 2000). The material obtained was denoted pre-saccharified wheat meal
(PWM), while in the studies presented in Papers III and V, the supernatant of
completely saccharified wheat meal (SWM) was used together with the lignocellulose
ethanol process. In the study presented in Paper V, fermentation of SWM was also
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2 Ethanol from starch

performed in the starch-based process, where the addition of fermented wheat meal
(FWM) to the lignocellulose ethanol process was investigated.

2.2.2 Wheat mash fermentation

The wheat mash was fermented in two different ways. Batch SSF was performed on
the entire PWM slurry (Paper 1) by adjusting the WIS content to 2.8% (w/w) to
restrict the ethanol concentration to 60 g/L, to ensure complete fermentation. SSF
was performed at 36.5 °C, at pH 5, for 72 hours using baker’s yeast, S. cerevisiae, at a
concentration of 5 g/L. As nutrients, (NH4)>HPO4, MgSO47 H,O and yeast extract
were used at concentrations of 0.5, 0.025 and 1.0 g/L, respectively.

In the second case, fed-batch fermentation was applied using the supernatant from
SWM (Paper V), which was separated from the solids prior to fermentation. The
water needed for dilution was first used to wash the filter cake to minimize sugar
losses and increase the amount of sugars to be fermented. In another configuration,
water was added to the fermentation step, resulting in a lower amount of added
sugars. Fermentation was performed at 32 °C and pH 5, for 48 hours, after which the
broth was centrifuged and the liquid fraction (FWM) was subjected to SSF in the
integrated scenarios.

12



3 Ethanol from lignocellulose

3.1 Raw material

Lignocellulosic biomass includes a wide range of material such as agricultural and
forestry residues, waste from the pulp and paper industry, paper and remaining
fractions of municipal solid waste, and dedicated energy crops and grasses. All these
materials represent a vast resource that can potentially be used for ethanol production;
however, most of these materials are resistant to degradation, which makes it
necessary to include process steps that facilitate further processing.

3.1.1 Structure and composition

The major fraction of plant matter is lignocellulose. It consists of three types of
polymers: cellulose, hemicellulose and lignin, which are strongly interconnected and
chemically bound by non-covalent forces and covalent cross-linkages (Pérez et al.
2002). Cellulose is a linear homopolysaccharide composed of B-D glucopyranose
units, which are linked together by B-(1-4)-glycosidic bonds, forming cellobiose
molecules connected in long chains (Figure 3.1). In nature the cellulose chains have a
degree of polymerization, around 10 000 in wood, and as high as 15 000 in cotton
(Fengel and Wegener 1989; O'Sullivan 1997). The cellulose crystallites are longer in
straw than in wood, but not as long as in cotton cellulose. In addition, the degree of
crystallinity of straw pulps appears to be lower than that of wood pulp (Liu and Sun
2010).

Several hundred cellulose chains associate through numerous intra- and inter-
molecular hydrogen bonds and van der Waals forces, which are responsible for the
formation of insoluble and rigid microfibrils. In the microfibrils the chains form
highly ordered, crystalline domains, disrupted by more disordered amorphous regions
(Béguin and Aubert 1994).
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3 Ethanol from lignocellulose
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Figure 3.1 The structure of cellulose. Glucose molecules are connected by 8-(1-4) bonds. The dimer
cellobiose (in brackets) is a repeating unit in the homopolymer.

Hemicellulose is a complex carbohydrate polymer, and is the linking agent between
cellulose and lignin. Hemicelluloses can also be referred to as “pentosans” or
“polyoses”, since they are composed of various sugar units such as D-xylose, D-
mannose, D-galactose, D-glucose, L-arabinose and glucuronic acids (Fengel and
Wegener 1989). Sugars are linked together by [-1,4- and occasionally f-1,3-
glycosidic bonds (Pérez et al. 2002). Subclasses of hemicellulose can be found
depending on the plant species, stage of development and tissue type, and these are
generally classified by the main sugar composing the backbone, e.g. xylans, mannans
or glucans. Due to their highly branched structures (except for linear mannans),
hemicelluloses can naturally become heavily hydrated, forming gels (Wyman et al.
2004). Hemicellulose makes up about 1/3 of hardwoods and herbaceous plants.
Mannan-type  hemicelluloses  (glucomannans or galactogluco-mannans), or
glucuronoxylans are the major components in softwood and hardwood, respectively,
while arabino-glucuronoxylan, glucurono-arabinoxylan and arabinoxylan are the
major components of cereal residues, such as wheat straw and grasses (Girio et al.
2010).

After cellulose, lignin is the most abundant polymer in nature, providing structural
support, impermeability and mechanical resistance of the cell wall. Regarding its
structure, lignin is the most complex, three-dimensional, highly cross-linked
amorphous heteropolymer, which consists of phenyl-propane units joined together by
different types of linkages. The polymer consists of three main phenyl-propanoid
units: p-hydroxyphenyl (H), guaiacyl propanol (G) and syringyl propanol (S),
synthesized from the precursors coumaryl, coniferyl and sinapyl alcohol, see Figure
3.2 (Pérez et al. 2002; Ralph et al. 2004). The proportions of these building blocks
depend on the origin; G being the main unit in softwood, G and S being most
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common in hardwood (Sjéstrém 1993), while GSH lignins are present in wheat straw

and grasses (Sun et al. 1997).
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Figure 3.2 The three lignin units formed (p-hydroxyphenyl, guaiacyl and syringyl) from their
precursors (p-coumaryl, conyferyl and synapyl alcobol).

Plants have developed advanced systems to support their own structure, to provide
sufficient nutrition to every part of the plant, and to protect themselves from extreme
weather conditions and, last but not least, from microbial degradation. There are
compositional variations between species, as well as between the various cell wall
layers. The plant cell wall is made up of several layers: the middle lamella, primary
wall and the secondary wall (Figure 3.3). These layers differ in their structure as well
as their composition (Sjostrom 1993). The thin layer between the cells is the middle
lamella, which holds the cells together (Fengel and Wegener 1989). At the early stage
of growth it is composed of pectic substances, and it eventually becomes highly
lignified. The primary wall is a thin layer that consists of a rigid skeleton of cellulose
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3 Ethanol from lignocellulose

microfibrils embedded in a matrix composed of hemicellulose and pectic compounds,
and it is rich in lignin. The secondary wall is divided into three layers: thin outer and
inner layers (S§1 and S3) and a thick middle layer (S2), which contains the highest
proportion of carbohydrates. The three layers differ with respect to the orientation of
the microfibrils. The inner surface of the cell wall, the warty layer, is a thin membrane

that contains warty material deposits (Sjostrom 1993).

~Lignin
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Primary wall { o i = m“ Microfibril
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Plasma membrane Hemicellulose

Soluble
Protein

Figure 3.3 Schematic illustration of the cell wall structure. (The illustration on the right was
adopted from Wikipedia: Public domain.)

3.2 Agricultural residues

Cereal crops cultivated for food or ethanol production produce enormous amounts of
residual lignocellulosic materials that have different applications. Agricultural residues
such as straw, stover and bagasse can comprise up to 50% of the agricultural
production. Sugarcane bagasse and straw have recently been used to generate heat and
power by burning in boilers, but agricultural residues have huge potential to serve as

raw materials for the production of liquid, gaseous or solid fuels.
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3.2.1 Wheat straw

Among agricultural residues, wheat straw is one of the most ideal feedstocks for fuel
production due to its abundance, renewability and low lignin content. Around 7-10°
tons of wheat was produced worldwide in 2011, according to the Food and
Agricultural Organization of the United Nations. Considering that the residue-to-
crop ratio for wheat is approximately 1.3:1.0 (based on weight) (Milbrandt 2005),
9.1-10® tons of wheat straw are generated annually. The amount of straw that can be
collected and used in industrial processes is, however, significantly lower than that
produced. Soil conservation requires about 50% of the straw to be left on the field
(Mabee and Saddler 2010). Furthermore, some cereal straw is normally used by
farmers for livestock feed. Considering all these factors, and combining them with the
year-to-year variation in crop yield, it has been suggested that between 15% and 40%
of the total residue produced could be available for fuel production (Bowyer and
Stockmann 2001).

Wheat straw has been investigated in a number of studies regarding its structure
(Hansen et al. 2011; Liu and Sun 2010; Merali et al. 2013; Sun et al. 1997),
biodegradability (Singh et al. 2011) and suitability for fuel production (Jergensen
2009; Linde et al. 2008; Nidetzky et al. 1993; Olofsson et al. 2010a; Saha et al.
2005). Wheat straw was used as the lignocellulosic raw material in all the studies
described in this thesis. The composition of the raw material used in these studies is
given in Table 3.1, and compared with that obtained in other studies, as well as other
lignocellulosic raw materials used for the production of ethanol.
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3 Ethanol from lignocellulose

Table 3.1 Composition of wheat straw and other lignocellulosic materials expressed as percentage of
dry matter

Glucan Xylan Arabinan Mannan Galactan  Lignin®  Reference

Agricultural residues

Wheat straw ~ 38.8 222 47 1.7 - 18.5 Paper I
38.8 22.2 1.4 1.7 2.7 18.5 Paper II
34.2 252 33 0.5 - 21.9 Paper III
31.6 23.4 4.7 - - 26.2 Paper IV
31.6 22.0 4.0 - - 21.4 Paper V
32.6 20.1 3.3 - 0.8 26.5 1
37.3 18.2 n.r. n.r. n.r. n.r. 2
48.6 27.7°  n.r n.r. n.r. 8.2 3

Barley straw  36.8 172 53 - 2.2 14.3 4

Corn stover  36.8 22.2 5.5 n. r. 2.9 23.1 5

SUBECAAN 50 260 LS nr 04 246 6

bagasse

Softwood

Spruce 49.9 5.3 1.7 12.3 2.3 28.7 7

Hardwood

Poplar 39.8 14.8 1.2 2.4 - 29.1 8

Energy crops

Willow 43.0 14.9 1.2 3.2 2.0 26.6 9

References: 1 (Linde et al. 2008), 2 (Nidetzky et al. 1993), 3 (Saha et al. 2005), 4 (Linde et al. 2007), 5
(Ohgren et al. 2005), 6 (Rudolf et al. 2008), 7 (Séderstrom et al. 2003), 8 (Esteghlalian et al. 1997), 9
(Sassner et al. 2006)

n. r. — not reported

* Including acid-soluble and acid-insoluble lignin

> All hemicellulose sugars

¢ Including ash
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3.3 Conversion of lignocellulose to ethanol

The generation of fermentable sugars from lignocellulosic material requires harsher
treatment than for starch-based materials, because of the recalcitrant structure of
lignocellulosic biomass (Galbe and Zacchi 2012). The first step in the conversion of
biomass to ethanol is size reduction followed by hydrolysis of the carbohydrates.
Figure 3.4 shows the three principal methods of hydrolysis: concentrated-acid
hydrolysis, dilute-acid hydrolysis and enzymatic hydrolysis.

Acid hydrolysis is the oldest known technique for the hydrolysis of biomass. The most
commonly investigated acid is sulphuric acid, which has been found to be the most
effective on both cellulose and hemicellulose. Concentrated-acid processes typically
involve acid concentrations of 60-90%, and are operated at low temperatures and
moderate pressures (Wang and Sun 2010). Under these conditions concentrated
sulphuric acid hydrolyses cellulose and hemicellulose with little sugar degradation,
resulting in high ethanol yields (Wyman 1994). However, the need to recover large
quantities of acid and the need for expensive corrosion-resistant materials constitute
major disadvantages (Taherzadeh and Karimi 2007).

Although dilute-acid hydrolysis has the advantage of low acid consumption (0.5-
4% (w/w)), but it must be operated at higher temperatures (160-230 °C), which
results in sugar degradation and corrosion problems. Low sugar yields, in the range of
50-60% of the theoretical, make ethanol production using this technology very
inefficient (Wyman 1994), and high amounts of sugar degradation by-products
inhibit the fermenting organisms. Sugar degradation can be reduced by applying two-
stage hydrolysis. In the initial step, hemicellulose sugars can be solubilized using
milder conditions (150-190 °C), and the remaining cellulose is subsequently
hydrolysed under more severe conditions (190-230 °C). Although higher recovery of
hemicelluloses can be achieved in this way, the glucose yields are still rather low
(Nguyen et al. 1999).
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3 Ethanol from lignocellulose
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Figure 3.4 Flow sheet for the production of ethanol from lignocellulosic biomass, using

concentrated-acid hydrolysis, dilute-acid hydrolysis or pretreatrment followed by enzymatic
hydrolysis, or SSE. Some alternative downstream-processing options are also included.
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The process based on enzymatic hydrolysis and fermentation, or simultaneous
saccharification and fermentation (SSF), is currently the most attractive way to
convert biomass into ethanol in an energy-efficient way. Milder conditions result in
higher yields due to less sugar degradation products, and lower production cost
because less expensive construction materials can be used (Galbe et al. 2011).

Some of the most important factors in achieving an economically feasible process are
efficient utilization of the raw material through high yields, i.e., conversion of all the
sugars through the process steps and high productivity. It is also crucial to achieve a
high ethanol concentration at the end of fermentation, so as to minimize the energy
demand in the downstream processes, for instance, distillation and evaporation.
Finally, if some compounds cannot be converted into ethanol or recovered as lignin,
they should be utilized in alternative downstream process steps, such as anaerobic
digestion. In anaerobic digestion, substances such as organic acids and residual sugars
can be converted into biogas at wastewater treatment plants. Whether this would be
useful as an alternative for C5 sugar utilization must be decided when the process is
being designed.

The conversion routes described above are those in use in today’s pilot,
demonstration, and full-scale plants for the production of ethanol from lignocellulosic

feedstock.

3.4 The outlook for ethanol production from
cellulosic materials

Considerable effort is currently being devoted to the commercialization of the
production of biofuels from lignocellulosic raw materials. Some commercial
biorefineries already produce ethanol from lignocellulosic feedstock, for example, the
Borregaard plant in Norway (Table 3.2). By implementing the biorefinery concept,
they produce 15 800 tons of ethanol from 500 000 tons of wood annually, together
with their main products, specialty cellulose and lignin (Borregaard 2013). In
Sweden, the Domsjd pulp and paper plant produces specialty cellulose, while the
fermentable sugars from hemicellulose are converted to ethanol. Concrete additives
are also produced from lignin (Domsj6 2013).

A number of conversion processes have been demonstrated in smaller-scale plants
using various raw materials such as wood, straw and dedicated energy crops (see Table
3.2). The Abengoa Bioenergy plant in Salamanca, Spain, which is one of the largest
demonstration facilities in the world, using 25000 tons of straw annually, is an
example of those, applying biochemical conversion, where the pretreatment step is
followed by enzymatic hydrolysis and fermentation. Gasification followed by catalytic
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3 Ethanol from lignocellulose

conversion of syngas (Enerkem, Westbury, Canada) and the combination of these
two, gasification followed by fermentation of the synthesis gas into ethanol (Coskata,
Madison, PA, USA) are also represented. Despite the disadvantages of concentrated-
acid conversion, this is still applied in some of the pilot plants in the USA, such as the
BlueFire Ethanol Plant in Irvine, CA, due to the high sugar yield (about 90%)
(BlueFire 2013). In Sweden, SEKAB E-Technology has demonstrated a dilute-acid
continuous process in a pilot ethanol plant (SEKAB 2013).

Several companies are planning to scale up their operations for commercial
production, for example, Abengoa Bioenergy, Enerkem and Coskata. However, the
Beta Renewables plant (a joint venture between Mossi & Ghisolfi Chemtex division
and a capital investment company, TPG) in Crescentino, Italy started operations in
2012, and has become the first commercial-scale cellulosic ethanol plant. The plant is
projected to produce 60 000 tons of ethanol per year (initially 40 000 tons), based on
Arundo donax, a perennial cane, and wheat straw. Pretreatment will be followed by
enzymatic hydrolysis and fermentation and, after ethanol recovery the residual
material will be burnt in the boiler to generate steam and power for use in the plant.

Although the first commercial plant is now in operation, the expected rapid
expansion of 2G ethanol has not yet taken place. Until experience is gained from
large-scale production, it is difficult to predict the production cost of 2G ethanol
(Galbe et al. 2007; Sims et al. 2010). Further research is needed to develop efficient
and economically feasible processes, and to improve existing ones.
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Table 3.2 Demonstration and commercial facilities for ethanol production from cellulosic materials

(IEA 2013)
Output
Country, location Company Feedstock ¢ Bt (I;H Ia
Operational
Sarpsborg, Norway Borregaard Industries AB® Spruce 15800
Oulu, Finland Chemopolis Ltd® Straw, wood 5000
Kalundborg, Denmark Inbicon (Dong Energy)® Wheat straw 4300
Straubing, Germany ~ Sued-Chemie AG® Wheat straw 1000
Babilafuente, Spain Abengoa Bioenergy® Straw 4000
Ottawa, Canada Iogen Corp.” Straw 1600
Westbury, Canada Enerkem® Wood 4000
Rome, NY, USA Mascoma Corp.” Wood, switchgrass 500
Madison, PA, USA Coskata® Wood 120
Vonore, TN, USA Du-pont® Corn stover 750
) ) Bagasse, wood

Jennings, LA, USA BP Biofuel® ) 4200

waste, switchgrass
Crescentino, Italy Beta Renewables® Arundo donax 60000
Under construction
Edmonton, Canada Enerkem Aberta Biofuels LP* MSW 30000
Emmetsburg, USA POET-DSM Advanced Biofuels* Corn cob 75000
Blairtown, USA Fiberright LLC? MSW 18000

) ‘ Corn stover, wheat

Hugoton, USA Abengoa Bioenergy* . 75000

straw, switchgrass

) Agricultural

Vero Beach, USA INEOS Bio® ] 24000

residue

*Commercial plant

®Demonstration plant

MSW: Municipal solid waste
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4 Enzymatic conversion of biomass
to ethanol

As previously discussed, lignocellulosic materials are very resistant to enzymatic
attack, due to their recalcitrant structure, and they must therefore be pretreated prior
to hydrolysis to increase their digestibility. Various configurations of the enzymatic
route were investigated in this work, and detailed descriptions of the process steps are
provided in this chapter.

4.1 Pretreatment

Lignocellulosic biomass must be pretreated prior to enzymatic hydrolysis so that the
enzymes can efficiently convert cellulose to monomer sugars. The rigid structure of
the recalcitrant biomass must be modified to break down the lignin structure, remove
the hemicelluloses and disrupt the crystalline structure of the cellulose to increase
enzyme accessibility (Mosier et al. 2005). An ideal method of pretreatment should
result in high yields of all sugars, avoid degradation or carbohydrate losses and the
formation of inhibitory compounds, and result in high digestibility of the cellulose,
and should, of course, be cost effective (Galbe et al. 2007; Sun and Cheng 2002).

Various types of pretreatment have been thoroughly investigated over the years. The
purpose of physical pretreatment such as mechanical comminution is size reduction,
which is an effective way to reduce cellulose crystallinity (Sun and Cheng 2002;
Tomds-Pej6 et al. 2011). Chemical methods, such as alkali (Carvalheiro et al. 2008),
organosolv (Park et al. 2010) and ozonolysis (Garcia-Cubero et al. 2009), as well as
the physicochemical method ammonia fibre explosion (AFEX) (Holtzapple et al.
1991), have been shown to be effective for lignin solubilization. Acid pretreatment
using sulphuric (Nguyen et al. 2000), nitric, hydrochloric or phosphoric acid
(Mosier et al. 2005), and physicochemical pretreatment such as steam explosion
(Balat 2011), wet oxidation and dilute-acid pretreatment, mainly act on the
hemicellulose fraction (Tomds-Pej6 et al. 2011).

As pretreatment is necessary prior to enzymatic hydrolysis, and since it affects all the
other steps in the conversion process, it is important to choose the pretreatment
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4 Enzymatic conversion of biomass to ethanol

method carefully, depending on the process configuration and the raw material to be
used. The most suitable methods of pretreatment of agricultural residues are alkaline
or acid pretreatment, steam explosion or AFEX. Pretreatment at high pH, using
alkaline solutions such as sodium, potassium or ammonium hydroxide while heating,
disrupts the lignin structure and makes the carbohydrates more accessible to the
enzymes. This kind of pretreatment is generally more effective on materials with low
lignin contents (Chang et al. 1997). Alkali pretreatment combined with acid
hydrolysis has also been evaluated (Govumoni et al. 2013). AFEX, another alkaline
pretreatment method using high-pressure liquid ammonia, is operated at moderate
temperature (below 100 °C) and high pressure (above 3 MPa), which is released very
quickly causing explosion of the material (Holtzapple et al. 1991). In spite of the
minimal removal of hemicellulose or lignin with AFEX, high enzymatic digestibility
has been reported at low enzyme loadings compared with other pretreatment methods
(Wyman et al. 2005). Furthermore, this kind of pretreatment does not require small
particle sizes and no inhibitors are produced (Sun and Cheng 2002). However, the
major problem associated with this kind of pretreatment is the high cost of ammonia
and ammonia recovery, which makes this method economically unfeasible.
Furthermore, handling large amounts of ammonia is hazardous (Holtzapple et al.

1991).

Steam pretreatment is one of the most promising methods of pretreatment and also
the most widely used in the pilot and demonstration-scale facilities presented in Table
3.2. High-pressure saturated steam (6-33 bar) is used to increase the temperature to
160-240 °C in the reactor for a period of time ranging from seconds to several
minutes, after which the pressure is suddenly released (Galbe and Zacchi 2002;
Tomds-Pejé et al. 2011). This form of pretreatment can be performed with or
without the addition of an acid. Agricultural residues contain sufficient amounts of
organic acids (mainly acetic acid), to act as catalysts for hemicellulose hydrolysis, so-
called autohydrolysis. However, the addition of acid catalysts such as sulphuric acid
(Sassner et al. 2008b; Soderstrom et al. 2003) or sulphur dioxide (Ohgren et al. 2005)
results in better hemicellulose removal and improved degradability of the cellulose in
subsequent enzymatic hydrolysis (Galbe et al. 2011). Steam pretreatment with the
addition of acids has been investigated and optimized on various agricultural residues,
such as corn stover (Ohgren et al. 2005), barley straw (Linde et al. 2006) and
sugarcane bagasse (Carrasco et al. 2010; Martin et al. 2002). Other studies have
shown that impregnation of wheat straw with small amounts of H,SOj4 before steam
pretreatment results in improved sugar yields (Ballesteros et al. 2006; Linde et al.
2008).

In the present studies, wheat straw was impregnated with a dilute sulphuric acid
solution and then pretreated in a steam pretreatment unit, comprising a batch steam
gun and a 10-L reactor (Palmqyist et al. 1996a), using saturated steam at 190 °C for
10 minutes. The conditions for pretreatment were optimized previously by Linde et
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al. (2008). The wheat straw slurry obtained after pretreatment comprises two
fractions: a liquid fraction rich in monomeric and oligomeric sugars, arising mainly
from hemicellulose, and a solid fraction consisting of digestible cellulose and lignin.
The fraction of solid matter, i.e., the WIS, was determined and the composition of
the solid and liquid fractions is given in Table 4.1.

One major drawback of steam explosion (as in other acid pretreatment methods) is
the generation of toxic compounds derived from sugar degradation. These inhibitors
will be present in the liquid fraction and can affect the following hydrolysis and
fermentation steps.
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4 Enzymatic conversion of biomass to ethanol

Table 4.1 Composition of the steam-pretreated wheat straw

Paper I 111 v \%
Batch 1 2 1 2
% of slurry
WIS 7.6 87 95 82 135 124 117
Solid fraction % of WIS
Glucan 67.6 625 634 622 586 51.4 593
Xylan 0.7 40 64 58 63 56 67
Galactan - - 1.5 - - - -
Arabinan 0.4 1.1 - 0.6 04 - -
Mannan - 14 34 - - - -
Lignin
Acid-insoluble 23.1 225 251 219 269 29.2 283
Acid-soluble 5.1 35 33 1.6 08 20 07
Lignin ash 1.0 1.4 25 34 30 50 3.1
Liquid fraction g/L
Monomers
Glucose 2.3 27 31 24 23 40 3.4
Xylose 22.0 239 256 220 248 30.0 24.5
Galactose 1.4 03 14 1.3 - - 4.1
Arabinose 2.9 37 34 32 47 67 54
Mannose 1.1 - 1.3 0.8 - - 1.1
Oligomers
Glucose 0.9 1.5 21 26 75 39 50
Xylose 2.9 93 11.7 84 189 92 123
Galactose - - 28 2.3 - - 1.3
Arabinose - 1.0 12 07 1.1 - 0.3
Mannose 4.1 - 0.5 05 - - 0.3
By-products
Furfural 1.5 1.6 20 20 17 28 26
HMF 0.4 0.2 0.1 0.1 0.1 03 0.2
Acetic acid 1.7 23 29 29 24 36 24
Formic acid nd nd nd nd nd 07 04

WIS: water-insoluble solids; nd: not determined; HMF: 5-hydroxymethylfurfural
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4.1.1 Inhibitors

Sugar degradation products generated during steam pretreatment, illustrated in
Figure 4.1, can be very inhibitory in the subsequent process steps, especially in
fermentation. The most common degradation products are 5-hydroxymethylfurfural
(HMF), furfural, organic acids, such as formic and levulinic acid, and phenolic
compounds. Acetic acid, which is also a toxic organic acid, is formed by the hydrolysis
of the acetyl groups of hemicellulose (Jonsson et al. 2013).

HMF and furfural are formed under severe conditions from hexose and pentose
sugars, respectively (Dunlop 1948; Palmqvist and Hahn-Higerdal 2000a; Ulbricht et
al. 1984). These compounds have been shown to affect enzymatic hydrolysis
(Tengborg et al. 2001) and microbial activity (Larsson et al. 1999; Sanchez and
Bautista 1988; Taherzadeh et al. 2000).

Further degradation of furfural results in formic acid, while HMF gives both formic
acid and levulinic acid (Ulbricht et al. 1984). Formic, levulinic and acetic acids are
classified as weak acids because of their high pK, value, which is the pH at which the
concentrations of undissociated and dissociated forms of the acid are equal and the
buffering capacity of the acid is therefore greatest. Despite its low pK, value, formic
acid is the most toxic, due to its small molecular size followed by levulinic and acetic
acid. Smaller molecules such as formic acid are believed to diffuse more easily through
the plasma membrane, while levulinic acid may be more inhibitory than acetic acid
due to its greater lipophilicity. The toxicity of these acids is attributed to the
undissociated form of the acids. Undissociated acids can enter the cell through the
plasma membrane and dissociate inside the cell as a result of the neutral cytosolic pH
(Pampulha and Loureiro-Dias 1989) which leads to a decrease in intracellular pH and
cell death.

However, weak acids at low concentrations have also been shown to increase the
ethanol yield in anaerobic fermentation at the expense of biomass formation
(Pampulha and Loureiro-Dias 1989; Taherzadeh et al. 1997). This is thought to be
the consequence of the cell’s reaction, pumping out protons by the action of the
plasma membrane ATPase to balance the intracellular pH (Verduyn et al. 1992;
Verduyn et al. 1990; Viegas and Sa-Correia 1991).

Degradation of lignin results in phenolic compounds such as vanillin, 4-hydroxy-
benzaldehyde, vanillic alcohol or acids such as syringic, sinapic or ferulic acid, which
reduce the fermentation rate and biomass yield more than the ethanol yield (Klinke et
al. 2003; Larsson et al. 2000). Vanillin and phenol can cause cell membrane damage,
but apart from this, little is known about the inhibition mechanism of phenolics

(Almeida 2009).
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Figure 4.1 Inhibitory compounds formed during acid-catalysed hydrolysis of biomass. Adapted from
(Palmquist and Hahn-Hiigerdal 2000a)

4.2 Enzymatic hydrolysis

Biomass is the most abundant carbon source in nature, providing energy to those
species that can utilize it. A number of microorganisms can be found in nature that
have developed efficient cellulose-degrading enzyme systems. 77ichoderma and
Aspergillus species are among the best characterized enzyme systems of aerobic
filamentous fungi. These species are used for commercial cellulase enzyme production
due to their high levels of secreted enzymes and intensive research on their
development (Lynd et al. 2002).
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4.2.1 Lignocellulose-degrading enzymes

Three major types of activities are represented in cellulase systems: endoglucanases
(EGs), exoglucanases, including glucohydrolases and cellobiohydrolases (CBHs), and
B-glucosidases. Endoglucanases act randomly on the amorphous region of the
cellulose, attacking the B-1,4-glycosidic bonds, liberating glucose oligomers of various
lengths and exposing new terminal ends. 7. reesei produces five endoglucanases (EGI-
V) which reduce the degree of polymerization of cellulose. Exoglucanases, on the
other hand, bind to the end of the cellulose chain and act in a progressive manner,
releasing  either  glucose  units  (glucohydrolases) or  cellobiose  units
(cellobiohydrolases). 7" reesei produces two known cellobiohydrolases, CBHI and
CBHII, which play a key role in the system. CBHI cleaves off cellobiose from the
reducing end, while CBHII prefers the non-reducing end (Béguin and Aubert 1994;
Lynd et al. 2002; Pérez et al. 2002). About 60% of the total protein produced for
cellulose degradation is CBHI, and 20% is CBHII (Percival Zhang et al. 2006). To
help enzyme binding on the cellulose surface, most cellulases have a carbohydrate-
binding module, apart from the active site, which also facilitates hydrolysis by
bringing the catalytic domain closer to the substrate. The synergistic action of
endoglucanases and cellobiohydrolases is a very important feature of the cellulase
system, resulting in a greater combined activity than the sum of the individual
components. Cellulases are severely inhibited by their product, cellobiose, which
confers an important role on B-glucosidase, which is not a cellulase but it hydrolyses
the soluble cellobiose disaccharide into glucose units. 7. reesei also produces two f3-
glucosidase enzymes, but a B-glucosidase preparation from an Aspergillus species is
often added to facilitate biomass hydrolysis. B-glucosidase is also inhibited by its end-
product, glucose, which may be a limiting factor in hydrolysis.

Hemicellulases are required for the hydrolysis of the complex structure of hemi-
cellulose. Endo-1,4- B-D-xylanase and endo-1,4- B-D-mannase act by depolymerizing
the hemicellulose backbone, while B-D-xylosidase, B-D-mannosidase and B-D-
glucosidase hydrolyse small oligosaccharides into xylose, mannose or glucose,
respectively, by cleaving the oligomer’s B-1,4 bonds (Pérez et al. 2002).

Enzymatic hydrolysis is influenced by the structural characteristics of the biomass, the
mode of enzyme operation, and also by the specific mixture of enzymes. Substrate-
related factors such as the degree of polymerization, the accessible surface area of the
cellulose, and the distribution of derived insoluble matter, such as hemicellulose and
lignin, are important (Yang et al. 2011). Soluble matter in the hydrolysate has also
been suggested to reduce the rate of enzymatic hydrolysis (Linde et al. 2008; Ohgren
et al. 2007; Sipos et al. 2009). To overcome challenges of enzyme-related rate limiting
factors, intensive research has been performed to maximize biomass degradation by
understanding features of hydrolytic enzymes, by elucidating synergistic interaction of
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4 Enzymatic conversion of biomass to ethanol

the individual components (Yang et al. 2011), and by minimizing end-product
inhibition and inactivation, while improving stability (Béguin and Aubert 1994).

Earlier techno-economical evaluations have shown that the cost of enzymes represents
a considerable part of the total cost of ethanol production (Sassner et al. 2008a;
Wingren et al. 2003). However, due to extensive research on ways of minimizing the
amount of enzyme used by the design of more efficient enzymes and enzyme mixtures
(Lynd et al. 2002; Sun and Cheng 2002; Yang et al. 2011), the cost of enzymes has
been significantly decreased. The cost of enzymes is no longer a limiting factor in the
commercial production of ethanol from cellulosic biomass (Viikari et al. 2012).

4.3 Fermentation

During fermentation, the sugars released during enzymatic hydrolysis are fermented
into ethanol, together with the formation of carbon dioxide. Lignocellulose
hydrolysates contain C6 and C5 sugars, lignin and lignin derivatives, and a number of
inhibitory compounds, some present in the raw material and others arising from the
degradation of sugars. The main sugars fermented in the hydrolysates from pretreated
agricultural residues are glucose and xylose. In order for the production of ethanol to
be economically feasible, the efficient and complete conversion of all sugars derived
from hemicellulose and cellulose is highly desirable. The requirements for an ideal
fermenting microorganism are, therefore, that it produces ethanol at a high
productivity and high yield from all types of sugars, while at the same time tolerating
high ethanol and inhibitor concentrations. Good temperature tolerance would also be
beneficial in certain process configurations such as SSF. Tolerance to low pH is also
desirable, as low pH reduces the risk of contamination.

Unfortunately, there is no single microorganism in nature that meets all these
requirements. Among a number of reported bacteria, yeast and filamentous fungi that
can ferment lignocellulosic hydrolysate, Escherichia coli, Zymomonas mobilis,
Saccharomyces cerevisiae, Pichia stipitis and Candida shebatae are the most relevant for
ethanol production (Balat 2011; Hahn-Higerdal et al. 2007). Traditionally, S.
cerevisiae and Z. mobilis have been used for ethanol production. These are capable of
efficiently fermenting glucose to ethanol, but not xylose. E. coli, P. stipitis and C.
shehatae, on the other hand, are naturally xylose-fermenting strains, but they have low
ethanol and inhibitor tolerance, they perform best in a narrow, neutral pH range and,
in the case of E. coli produce mixed products, which makes them unsuitable for
industrial ethanol production (Girio et al. 2010). The glucose-fermenting strain Z.
mobilis has similar disadvantages apart from its ethanol tolerance, which is high
enough to allow ethanol concentrations up to 12-13.5% (v/v), although significant
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inhibition is seen at ethanol concentrations above 2% (v/v) (Osman and Ingram

1985).

4.3.1 Saccharomyces cerevisiae

Baker’s yeast, S. cerevisiae, is the most commonly used microorganism in traditional
sucrose and starch-based industrial ethanol fermentation. Due to its status as
“generally recognized as safe” and its robustness, S. cerevisiae is also the preferred
microorganism in the fermentation of lignocellulosic substrates. Wild type S.
cerevisiae can efficiently ferment glucose, mannose and fructose, as well as the
disaccharides, sucrose and maltose and, in addition to sugars, ethanol, glycerol and
acetate can also be utilized for growth. Furthermore, as a facultative anaerobe, it is
able to grow under both aerobic and anaerobic conditions (Walker 1998). The main
product of this organism is ethanol, which is produced at a high yield (above 0.45 g/g
glucose at optimal conditions, which corresponds to 88% of the theoretical), and high
specific rate (up to 1.3 g/g cell mass/h) (Verduyn et al. 1990). The main metabolic
pathway involved in fermentation to produce ethanol is glycolysis, in which one
molecule of glucose is metabolized and two molecules of pyruvate are produced. If no
oxygen is available, the pyruvate is further reduced to ethanol with the release of CO..
The theoretical ethanol yield is 0.511, and that for CO; is 0.489, based on the mass
of glucose metabolized. Since two ATPs are produced in glycolysis, which drives the
biosynthesis of the cell, involving energy-requiring bioreactions, ethanol production is
strongly related to cell growth in sugar fermentation, and thus yeast is produced as a
by-product (Bai et al. 2008). However, during the fermentation of lignocellulose
hydrolysates cell growth can be severely inhibited (Palmqvist and Hahn-Higerdal
2000b), and in some cases cell death is seen (Tang et al. 2011). Other by-products
include glycerol, the production of which is stimulated by higher osmotic pressure,
and organic acids and higher alcohols, which are produced at much lower levels

(Ingledew 1999).

S. cerevisiae has been shown to have relatively good tolerance to lignocellulose-derived
inhibitors (Olsson and Hahn-Higerdal 1993) and high osmotic pressure, and Casey
and Ingledew reported no significant reduction in fermentation rate even over 10%
(v/v) ethanol (Casey and Ingledew 1986). The main disadvantage of S. cerevisiae, i.c.,
its lack of ability to ferment xylose, can be overcome by metabolic engineering, in
which substantial progress has been achieved (see Chapter 6).
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4 Enzymatic conversion of biomass to ethanol

4.4 Process configurations

The initial stages required in bioethanol production are pretreatment, cellulase
production, hydrolysis of cellulose and other remaining hemicellulose (if present),
fermentation of hexose sugars (glucose in the case of wheat straw) and the
fermentation of pentose sugars, mainly xylose, with genetically engineered strains.
Several process configurations can be used, based on the degree to which these
particular steps are combined, as shown in Figure 4.2.

Biomass
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Figure 4.2 Alternative process configurations for ethanol production using enzymatic hydrolysis, and
hexose and pentose fermentation. SHF: separate hydrolysis and fermentation, SHCF: separate
hydrolysis and co-fermentation, SSF: simultaneous saccharification and fermentation, SSCF:
simultaneous saccharification and co-fermentation. CBP: consolidated bioprocessing. Process steps
with solid lines have been studied in this work.
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4.4.1 SHF and SHCF

In separate hydrolysis and fermentation, SHF, the cellulose in the solid fraction is first
hydrolysed by the cellulolytic enzymes, and the liquid fraction containing the sugars is
then fermented to ethanol (Cardona and Sdnchez 2007). There are two ways of
performing SHF (Bacovsky et al. 2010). In the first alternative, the fermentation of
C6 and C5 sugars is performed sequentially, i.e. the pretreated biomass slurry is
subjected to hydrolysis, and then C6 sugar fermentation is carried out, followed by
the removal of the ethanol. The residual stillage is then subjected to the fermentation
of C5 sugars. Alternatively, the soluble C5 sugars can be removed after pretreatment,
and fermented in parallel with the hydrolysed cellulose (C6) fraction. Finally, the
ethanol from the separate fermentation of the sugars can be distilled together. In the
second alternative, the C6 and C5 sugars are fermented in a single step using the same
microorganism. This is called separate hydrolysis and co-fermentation, SHCF.

A major advantage of both SHF and SHCF is that each process step can be operated
at its optimal temperature, i.e. around 50 °C for enzymatic hydrolysis and around
32 °C for fermentation, and the yeast can be easily separated and recycled after
fermentation. However, sugar yields are usually lower due to the inhibition of
hydrolysis by glucose and cellobiose. The advantages of glucose and xylose co-
fermentation in the SHCF configuration will be thoroughly discussed in Chapter 6,
based on the results presented in Papers III and IV.

4.4.2 SSF

The concept of SSF was introduced by Gauss et al. in 1976 to eliminate end-product
inhibition of the enzymes. If fermentation is carried out in the same vessel
simultaneously with hydrolysis, the sugars released by the enzymes are directly
fermented to ethanol. This prevents the accumulation of glucose and cellobiose,
eliminating end-product inhibition of hydrolysis (Gauss et al. 1976), and the enzyme
loading can be reduced. SSF has been comprehensively reviewed by Olofsson et al.
(Olofsson et al. 2008a). SSF has other advantages, such as the avoidance of sugar
losses, since there is no need for sugar separation before fermentation, and the
assimilation of degradation by-products that have inhibitory effects on the enzymes
by the microorganisms, which may lead to improved enzymatic hydrolysis. The latter
may explain the higher observed ethanol yields in SSF than in SHF (Séderstrém et al.
2005; Tengborg et al. 2001). Moreover, because of the higher ethanol yields achieved
in the combined process, the investment costs for SSF can be 20% lower than those
in SHF (Wingren et al. 2003), which is a very important factor in achieving
economic feasibility in ethanol production from lignocellulosic material.
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4 Enzymatic conversion of biomass to ethanol

There are, however, also two major drawbacks of SSF. One is the operating
temperature (35-37 °C), which is a compromise between the optimal temperatures for
the separate steps. The development of thermo-tolerant strains that can ferment at
elevated temperatures could substantially decrease the difference between the
temperature optima of hydrolysis and fermentation, which may enhance the
performance of SSE. The other drawback is that recycling of the yeast is very difficult
due to the solid lignin residue present in SSF. This will result in a loss in yield when
the yeast is produced on-site, while the loss of externally produced yeast would
increase the operating cost.

4.4.3 Consolidated bioprocessing

Consolidated bioprocessing (previously also called direct microbial conversion) would
be the ultimate all-in-one process. In this unified configuration, cellulase production,
the hydrolysis of cellulose, and C6 and C5 sugar fermentation are performed
simultaneously in a single vessel. The attractiveness of the process lies in its simplicity,
which results in simplified operation, a reduction in the number of process steps and
reduced cost of chemicals (Balat 2011; Olson et al. 2012). It would also offer the
potential for lower production cost and higher efficiency. The smaller reactor volume
would also lead to reduced capital investment. Unfortunately, low ethanol yield and
the formation of significant amounts of by-products, together with the low ethanol
tolerance of currently available microorganisms make this option economically
unfeasible. If this configuration is to be realized, microorganisms must be developed
that utilize cellulose and other fermentable compounds released from the pretreated
biomass at a high conversion rate and which produce the desired product at high yield
and titre (Lynd et al. 2005).
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4.5 Product recovery

The recovery of the ethanol, i.e., solid-liquid separation and distillation, can have a
considerable effect on the overall production cost (Galbe et al. 2011). The distillation
step normally consists of stripper columns and rectification columns. The stripper
columns separate the ethanol from the solid and non-volatile compounds, and
concentrate the ethanol by removing most of the water. In the rectification columns,
the ethanol is concentrated to a value close to the azeotropic point.

The ethanol concentration in the broth has a significant impact on the energy
demand, at least up to an ethanol concentration of about 7-8% (w/w) ethanol in the
distillation feed (Galbe et al. 2007; Zacchi and Axelsson 1989). The energy demand
can be reduced by heat integration and by running the stripper and the rectifier in
series, as shown by Galbe et al. (2007), using two stripper columns and a rectification
column, which are heat integrated by operating at different pressures. Since the
energy demand of the distillation step decreases as the concentration of ethanol in the
feed increases, it is of great importance to obtain high ethanol concentrations in the
distillation feed. In a starch-based process this stream normally has an ethanol
concentration above 8% (w/w), which is sufficiently high to be economically feasible
for 1G commercial ethanol production (see Chapter 1).

However, it is difficult to achieve ethanol concentrations above 5% (w/w) in the
fermentation of lignocellulosic hydrolysates. High sugar concentrations require a high
solids content, which also results in higher concentrations of inhibitors, which may
result in lower yield. Two ways of increasing the ethanol concentration in
lignocellulosic ethanol production are either to integrate the process with starch-based
ethanol production or to increase the ethanol yield by co-fermentation of C6 and C5
sugars. The main objectives of this work were to find possible process configurations
for the integration of the two processes (Chapter 5) and for facilitating the co-
fermentation of glucose and xylose (Chapter 6).
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5 Integration of the starch- and
cellulose-based ethanol
production processes

The integration of 2G ethanol production with existing 1G ethanol production offers
a promising means of using the whole agricultural crop; in the current work, wheat.
The wheat grain is the substrate used for 1G ethanol production and the straw for 2G
ethanol production. Integration of the two processes can be beneficial for both
processes. While the 2G plant would benefit from the reduction in energy demand
and capital cost per ton fuel produced, the lignin residue would provide the
integrated plant with heat and electricity.

It is generally difficult to reach high ethanol concentrations in the lignocellulosic
process due to the high concentrations of inhibitory compounds resulting from high
solids contents. At the same time, starch-based streams must be diluted somewhat to
reduce the sugar concentration. Thus, both processes would benefit from co-
processing by the integration of suitable streams. The energy required for distillation
would be significantly reduced in the case of 2G production, reducing the overall
production cost.

Not only a higher ethanol concentration, but also a higher ethanol yield, can be
expected in an integrated plant. Dilution of the lignocellulosic stream helps reduce
the inhibitor concentration, while the addition of some inhibitors to 1G fermentation
can be beneficial in wheat meal fermentation, as low concentrations of weak acids
have been shown to increase the ethanol yield (Pampulha and Loureiro-Dias 1989;

Taherzadeh et al. 1997).

Among further benefits, a starch-derived hydrolysate could be used as a complex
nutritional source, instead of chemicals, which would also reduce the cost of large-
scale lignocellulosic process (Sassner et al. 2008a). It has been shown in previous
studies that the use of chemicals could be reduced by supplementing the fermentation
of lignocellulosic hydrolysate with wheat hydrolysate (Brandberg et al. 2007; Jones
and Ingledew 1994a). In another study, corn hydrolysate was shown to be a potential
substitute for yeast extract for SSF of lignocellulose residues (Tang et al, 2011).
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5 Integration of the starch- and cellulose-based ethanol production processes

Finally, some configurations could facilitate xylose fermentation, as a low glucose
concentration is beneficial for efficient xylose utilization in the genetically modified
strains of S. cerevisiae investigated in this work. The possible use of a starch-derived
hydrolysate to provide a constant glucose feed in lignocellulosic fermentation
motivated the investigation of some of the integration scenarios in this work.

5.1 Alternatives for process integration

Figure 5.1 shows a simplified scheme illustrating the possible alternatives for the
integration of wheat starch-based ethanol production (1G) with ethanol production
from wheat straw (2G). Due to similarities in the two processes, there are several
suitable points for integration early in the process, e.g. after pretreatment of the raw
materials, and not only in the downstream processes of distillation and evaporation.

The easiest point of integration would be to mix the liquid streams after
fermentation, before distillation, to reap the benefits of a higher ethanol
concentration, while using separate, dedicated equipment for each process up to the
distillation step. In this way, the solid residues from each process can be utilized
optimally. The protein-rich solid residue from the 1G process can be used to produce
DDGS, which can be sold as animal feed, while the lignin residue from the 2G
process can provide heat and power for both processes. However, the cost of the 2G
equipment and the energy demand could be reduced by combining the material
streams further upstream. The possible points of integration in the upstream
processing are discussed below.

In the first study (Paper I), PWM was mixed with SPWS in SSF using baker’s yeast.
The effect of integration on the ethanol yield and concentration was investigated.
Adding the entire PWM stream to SSF has the advantage of simplicity, as
saccharification of both the wheat meal and SPWS can occur simultaneously in one
vessel. This would, however, result in mixed residues after distillation, meaning that
the valuable animal feed would be burnt with the lignin residue from the
lignocellulosic process to produce heat and power. This is a major disadvantage of this
configuration, as discussed in Papers I and II, unless there is a surplus of animal feed.

In the study presented in Paper II, only LWM, i.e. the stream containing glucose
polymers, was added to SSCF of SPWS. A xylose-fermenting strain of S. cerevisiae
(TMB3400) was used to study whether the sugar released from LWM during
saccharification could facilitate xylose uptake.

The main reason for investigating the integration of the saccharified wheat meal with
the enzymatically hydrolysed SPWS (Paper III) was to take advantage of the
possibility of feeding SWM (wheat hydrolysate) into the fermentation step of SHCEF,
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to facilitate glucose and xylose co-fermentation. The benefits of controlled sugar
release in the co-fermentation of glucose and xylose in the studies presented in Papers

IT and IIT are discussed in detail in Chapter 6.
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Figure 5.1 Alternatives investigated for the integration of the starch-based (1G) and lignocellulose-
based (2G) ethanol production processes.
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5 Integration of the starch- and cellulose-based ethanol production processes

The study described in Paper V, in which SWM was subjected to SSF or SSCF, was
performed to investigate the possible recovery of the protein-rich residue. In this case,
a mutant of S. cerevisize TMB3400 (KE6-12) xylose-fermenting microorganism was
used to investigate whether the co-fermentation of glucose and xylose could be
facilitated by adding SWM. In another part of this study, FWM was subjected to SSF
to determine whether a stream containing an already high concentration of ethanol
could be used for dilution of the lignocellulose stream, thereby increasing the ethanol
concentration.

5.2 Influence of integration on SSF

Since SSF has become a low-cost, high-yield fermentation technique in most modern
1G plants (Destexhe et al. 2004), and the SSF of lignocellulose is also considered to
be advantageous in many respects, the first integration scenario investigated was to
mix the materials before SSF (Papers I and II). Pretreatment of the raw materials is
required in both cases: liquefaction of the meal breaks down the starch, while
pretreatment of the straw partially breaks down the lignocellulose to sugar polymers.
In the SSF step these polymers are converted to sugars and simultaneously fermented
to ethanol. In this way, sugar inhibition and osmotic stress could be avoided. If the
pretreated straw residue and the liquefied meal are mixed, saccharification and
fermentation of both materials can take place in one fermentor. The effects of
integrating the two streams on ethanol productivity and concentration, but most
importantly on the ethanol yield, were investigated, and the factors influencing the
outcome were examined.

The main results obtained using SSF are discussed below, based on the results
presented in Papers I, IT and V. SSF was carried out using compressed S. cerevisiae
(Paper I) (and dry S. cerevisiae (Paper V)). Although a genetically modified xylose-
fermenting strain of S. cerevisiae was used in SSCF in the study presented in Paper II,
the results of integration based on glucose utilization only are presented here.

5.2.1 Ethanol yield and concentration

Ethanol yield is an important measure of how well the biomass is utilized, i.e., how
much of the sugar that is released from the cellulose in enzymatic hydrolysis is
converted into ethanol during fermentation. In SSF, the yield represents the
combination of these two processes. Ethanol yields are expressed here as the fraction
of the maximum theoretical ethanol yield of 0.51 g/g glucose. In this section, the
ethanol yields presented are based on all the glucose (glucan in the WIS and both
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mono- and oligomers in the liquid fraction) from both cellulose and starch added to

SSF (Papers I and V) or SSCF (Paper II).

As the cost of feedstock is one of the major costs of lignocellulosic ethanol (up to 30-
40% of the total production cost) (Sassner et al. 2008a; Wingren et al. 2008), it is
crucial to maximize biomass utilization. The aim is thus to achieve a high ethanol
concentration at the end of the conversion process, by ensuring that the ethanol yield

is as high as possible.

The concept of using the sugar-rich wheat starch-based hydrolysate to dilute the
lignocellulosic substrate, i.e. reducing the concentration of inhibitors, while increasing
the concentration of the sugars, was confirmed by the study presented in Paper I. In
this study, SPWS was mixed with increasing proportions of PWM, at a total WIS of
5% (w/w) in the mixtures, in SSF. Since PWM contained the fibre residue of the
kernels, the proportions mixed were based on the WIS content of each material.
However, it should be kept in mind that PWM represents a greater amount of sugars
added per unit WIS when added to SSF than SPWS, as the glucose concentration is
higher in the material originating from starch than in that from wheat straw. The
amount of sugars added to the SSF experiments with respect to their origin is
described in detail in Paper I.

The ethanol yield from the various mixtures of substrates evaluated was higher than
the yields from the separate substrates, see Figure 5.2. In this study, the yield observed
for pure SPWS was about 70% of the theoretical, which is in the range reported in
other studies on wheat straw (Linde et al. 2008), and slightly lower than for corn
stover (Ohgren et al. 2006b). The yield observed for pure PWM was about 90%,
which is also typical for SSF of starch-based materials (Destexhe et al. 2004). In
mixtures of the two substrates the yield increased as the proportion of PWM was
increased. This is probably due to the decreasing amount of inhibitors present in SSF.
However, the most important observation is that the highest yield obtained for the
mixture with equal amounts of PWM and SPWS (based on WIS), was higher than
the yield obtained from pure PWM, when no inhibitors were present. Similar
observations of improved ethanol yield with low inhibitor concentrations, compared
with cases with no inhibitors, have been reported previously (Pampulha and Loureiro-
Dias 1989; Taherzadeh et al. 1997). Both weak acids (Larsson et al. 1999) and
furfural have been found to improve the ethanol yield at low concentrations
(Palmgqvist et al. 1999; Palmqvist et al. 1996b). Despite the higher ethanol yield,
furfural has been shown to lower the ethanol productivity (Palmqvist et al. 1999). In
the present study, the highest ethanol yield was obtained when the acetic acid and the
furfural concentrations were about 1.0 g/L and 0.6 g/L, respectively.
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Figure 5.2 Ethanol yield obtained in SSF of pure steam-pretreated wheat straw (SPWS- dark
shading) pre-saccharified wheat meal (PWM-light shading) and mixtures of the two (toned
shading) ar a total water insoluble solids (WIS) concentration of 5% (whw). (Adapted from Paper

L)

To increase the proportion of sugars arising from the wheat straw in SSF, higher WIS
loadings of 7.5-10% (w/w) SPWS were applied in the studies described in Papers II
and V. Fairly high ethanol yields, over 90% of theoretical, were achieved in SSF of
pure SPWS in both studies, however, the yields decreased slightly when the WIS
loading was increased to 10% from 7.5% in the study presented in Paper II, see Table
5.1. Increasing the WIS loading from 7.5% to 10% has also been found to decrease
the ethanol yield from barley straw (Linde et al. 2007), while it remained unchanged
for corn stover (Ohgren et al. 2006b). The addition of LWM resulted in a slight
decrease in ethanol yield, which was more pronounced at 10% WIS. Although
inhibitor concentrations were higher with higher WIS loading, they were the same in
the substrates used for SSF with and without the addition of the starch-based material
(both LWM and SWM). Therefore, other factors must have caused the decrease in
ethanol yield. At higher WIS loading, the combined effect of several stresses, from
inhibitors and increased osmotic stress caused by increased glucose concentration,
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might have led to the observed results. As the sugars from LWM were released almost
immediately (see Paper II), osmotic stress may have occurred. Osmotic stress is also
indicated by the higher glycerol production of the yeast in response to the osmotic
pressure created by a higher glucose concentration. Intracellular glycerol
concentration is increased to maintain the cell functionality of enzymes under such
conditions (Albertyn et al. 1994). Although increased glycerol production was
observed when SWM was added to SSF, the ethanol yield increased slightly (Paper
V). This may be due to the greater proportion of readily available glucose. Another
possible explanation is that LWM, as opposed to SWM, contains WIS that contain
some glucan and other polymers, such as lignocellulose. However, this material had
not been steam pretreated, which means that the glucan from this fibre material could
only be hydrolysed to a minor extent by cellulases and thus decreases the yield.

Since the inhibitor concentrations, which probably have the greatest influence on the
ethanol yield, were the same in SSF when the starch-based materials (both LWM and
SWM) were added, only small differences were observed compared with the reference
experiments. However, if the concept described in Paper I had been used, i.e. using
the starch-based material for dilution, the inhibitor concentrations in the mixture
would have been lower. According to this concept, ethanol yields obtained from SSF
of SPWS with 7.5% WIS diluted by the addition of LWM with 2.5% WIS, should
be compared with the yields obtained from SSF of SPWS with 10% WIS. In the
same way yields obtained in SSF of SPWS with 8.8% WIS should be compared with
the results from SSF of SPWS with 7.5% WIS with the addition of SWM, where the
latter case, as expected shows slight improvement in ethanol yield. Based on the
ethanol yields from SSF, the results obtained suggest that the addition of SWM may
be a better option for integration purposes as it is a liquid and there is no WIS, as in
LWM, which would increase the WIS content, but remaining unused.

Significant differences in the initial ethanol productivity were observed between SSF
of pure SPWS and SSF of mixtures containing various proportions of the various
starch-derived streams, i.e., PWM (Paper I), LWM (Paper II) or SWM (Paper V).
The initial ethanol production rates were always higher when starch-based material
was added to SPWS (Table 5.1). (The initial rates were calculated during the first two
hours of SSF, when glucose was still detected in the pure SPWS medium in all cases,
indicating that enzymatic hydrolysis was not the rate-limiting step.) The increase in
ethanol productivity could be explained not only by the decrease in inhibitor
concentration (Paper I), but also by the presence of higher amounts of readily
available glucose, which was probably the reason for the increase in initial ethanol
productivity in the studies described in Papers Il and V (see Table 5.1). In these cases,
the inhibitor concentrations were identical in the experiments with and without the
addition of L\WM or SWM.
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5 Integration of the starch- and cellulose-based ethanol production processes

Table 5.1 Ethanol and glycerol concentrations and ethanol yields after 120 hours of SSF of SPWS
with the addition of LWM (Paper II) or SWM (Paper V). The values for experiments with mixed
substrates are mean values of duplicate experiments.

SPWS Material EtOH Glycerol EtOH EtOH

added prod.* yield®
% (WIS) g/L g/L g/Lh %
7.5 - 26.8 3.7 1.5 93
7.5 LWM 43.4 4.8 2.3 91
10.0 - 34.6 4.3 1.8 88
10.0 LWM 52.8 5.6 2.6 82
7.5 - 24.9 1.9 0.7 91
7.5 SWM 59.5 3.8 0.9 95
8.8 - 26.3 1.2 0.3 79
8.8 SWM 59.7 5.6 0.6 90

*Calculated from data for the first two hours of SSF.

PBased on stoichiometric conversion (0.51 g/g) of the total amount of glucose in SSF.

The ethanol concentration increased with increasing glucose content in the SSF
experiments (Figure 5.3). The highest ethanol concentration obtained was 57 g/L,
when SSF was performed with a mixture of 2.5% WIS SPWS and 2.5% WIS PWM
(Paper I). The ethanol concentration was also high (53 g/L) when SPWS with 10%
WIS was mixed with LWM (Paper II), due to the higher glucose potential of SPWS
than LWM. Increasing the proportion of starch-based material in SSF with SPWS at
a high WIS value had considerable potential to further increase the ethanol
concentration, as demonstrated in the study presented in Paper V, where SWM was
added to SSF of SPWS. In that study, the amount of starch- and cellulose-derived
material in the mixture was based on equal amounts of raw materials, which resulted
in a higher glucose potential of the starch-based materials. SSF was performed at
8.8% WIS with the addition of SWM. A final average ethanol concentration of about
60 g/L was achieved, corresponding to an ethanol yield of about 90%. Ethanol
concentrations of about 6% (w/v) are in the range that would allow energy-efficient
distillation, thus contributing to a more economically feasible biomass-to-ethanol
process.
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Figure 5.3 Ethanol concentration as a function of time during SSF of steam pretreated wheat straw
(SPWS), mixtures of SPWS and pre-saccharified wheat meal (PWM) and mixtures of SPWS and
liquefied wheat meal (LWM). Numbers are the % WIS. (Adapted from Papers I, II and V)
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5 Integration of the starch- and cellulose-based ethanol production processes

5.2.2 FWM addition

One option for the integration of 1G and 2G ethanol production processes is to use
fermented wheat meal (FWM), which already contains a high concentration of
ethanol, for dilution of the lignocellulosic stream in SSF, in order to increase the
ethanol concentration in the broth. FWM addition in batch and fed-batch modes was
investigated in the study presented in Paper V.

SSF was first studied in batch mode. SPWS was diluted with FWM to a WIS content
of 7.5%. The initial ethanol concentration, 33.6 g/L, increased to only about 40 g/L
resulting in a very low ethanol yield from SSF, on average 27% of the theoretical,
based on the glucose available in the SPWS (Figure 5.4). Glucose accumulation to
54% of that theoretically available indicates strong inhibition of the yeast. This was
probably the result of the addition of ethanol and other fermentation products with
FWM to batch SSF, since baker’s yeast could ferment most of the glucose in the same
medium diluted with water, see Figure 5.4. Ethanol inhibition must be greater when
ethanol is added initially, since baker’s yeast could perform fermentation in media
with up to 60 g ethanol/L in other cases in this study. Ethanol concentrations
reported to have metabolic effects (Hallsworth 1998; Piper 1995) or to cause
complete inhibition of growth (Casey and Ingledew 1986) are considerably higher
than the initial concentration in these experiments. This indicates that ethanol is
probably not solely responsible for the inhibition. Although FWM contained only
small amounts of lactic acid and acetic acid, apart from ethanol, other weak organic
acids may be present in the broth, but these were not determined. Furthermore, as
discussed previously, pretreated wheat straw contains several compounds that are
inhibitory to the yeast. The combined synergistic effect of all the inhibitors present
can explain the severe toxicity when FWM is added to SSF. The interaction between
ethanol and acetic acid has been reported to cause stronger inhibition than each
compounds separately due to the synergistic effects (Pampulha and Loureiro 1989).
The sensitivity of the yeast to ethanol has been shown to differ in different phases of
growth (Casey and Ingledew 1986; Day et al. 1975). Although cells are unlikely to
grow in lignocellulose hydrolysate (Palmqvist and Hahn-Higerdal 2000b); cells that
are adapted to the environment may be less sensitive to higher ethanol concentrations.

To avoid the combined effects of toxicity during the critical first two hours, FWM
addition at a later stage of SSF was considered, i.e., after 24 hours. Despite the higher
WIS content at the beginning of SSF (11.7%), fermentation started with a high
initial productivity, 1.6 g/L-h, and most of the glucose released during this time had
been fermented to ethanol by the time feeding started. However, the accumulation of
glucose released during the fed-batch phase indicates that the addition of FWM
caused immediate inhibition, even in this late phase of SSF. The increase in ethanol
concentration seen in Figure 5.4 is attributed solely to the ethanol addition and an
ethanol concentration of over 50 g/L could be reached. The fermentation ceased after
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24 hours; either due to the additional toxic effect of the added ethanol, or because cell
death had already occurred before the addition of FWM. Since the addition of FWM
was found not to be beneficial in the SSF process, it was concluded that this scenario
was not feasible. If the liquid from fermented wheat meal is to be mixed with the
fermented wheat straw, it should be done after fermentation, i.e. before the
distillation step. However, this will require that the SSF of wheat straw is performed
at a high WIS content in order to achieve a high final ethanol concentration in the
mixed feed for distillation.
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Figure 5.4 Ethanol (triangles) and glucose (circles) concentration during batch (empty) and fed-
batch (filled) addition of FWM (solid lines). The reference experiment without the addition of
LWM is indicated by the dashed line. Batch experiments were performed in duplicate. Error bars
show standard deviation of the mean values. Feeding of FWM in the fed-batch experiment was
performed between 24 and 96 hours.
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6 Glucose and xylose co-
fermentation

High ethanol yield was described in the previous chapter as one of the most
important factors in achieving an economically viable ethanol production process. To
obtain a high ethanol yield, most of the biomass must be converted to fermentable
sugars. Agricultural residues contain a large amount of xylose in the hemicellulose
fraction. The main sugar constituents of wheat straw are glucose and xylose,
approximately 40% and 20%, respectively (see Table 3.1). Utilization of the xylose
would, therefore, significantly increase the ethanol yield of the process. The cellulosic
ethanol process could be substantially simplified if a single microorganism could
efficiently convert both glucose and xylose to ethanol under industrial conditions.
This has driven research on the genetic engineering of S. cerevisiae, the most robust
glucose-fermenting strain, to provide a strain that can also utilize pentoses (Hahn-
Higerdal et al. 2007; Jeffries 2006; Kim et al. 2013). Several industrial strains of S.
cerevisiae are available today that can ferment both glucose and xylose in
lignocellulosic hydrolysates (Almeida et al. 2011).

6.1 Xylose fermentation by engineered S.
cerevisiae

Two heterologous xylose-assimilating pathways are currently being used for the
genetic engineering of S. cerevisize (Figure 6.1): the xylose isomerase (XI) pathway
(Karhumaa et al. 2007b; Kuyper et al. 2005) and the xylose reductase (XR) and
xylitol dehydrogenase (XDH) pathway (Hahn-Higerdal et al. 2007; Kotter et al.
1990). Xylulokinase (XK) must be overexpressed in both pathways to connect
xylulose to the pentose phosphate pathway of S. cerevisiae (Eliasson et al. 2000; Jin et
al. 2005; Wahlbom et al. 2003a) by xylulose-5-phosphate (Figure 6.1), and to ensure
substantial xylose fermentation. When heterologous XI is introduced into yeast,
xylose can be converted to xylulose in one step, although it has proven difficult to
obtain a high activity of XI in S. cerevisiae. In xylose-utilizing strains, where Pichia
stipitis genes encoding XR and XDH have been expressed in yeast, the initial step in
xylose metabolism is the reduction of xylose to xylitol by XR, whereupon xylitol is
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6 Glucose and xylose co-fermentation

oxidized by XDH to xylulose. Xylitol is a by-product generally accumulated under
anaerobic conditions when using S. cerevisiae strains harbouring the XR/XDH/XK
pathways due to different co-factor preferences of XR and XDH. XR requires both
NADH or NADPH as a co-factor, that prevents complete regeneration of NAD" that
is needed for the XDH reaction (Kétter and Ciriacy 1993). NAD* has been shown to
be regenerated by glycerol formation (Jeppsson et al. 2003).

Xi

| XR XDH l XK
Xylose ———p Xylitol ———» Xylulose ———>» Xylulose-5P

(N N N

NAD(P)H NAD(P)* NAD*  NADH ATP  ADP

Figure 6.1 Two xylose-assimilating pathways: xylose isomerase (XI) and xylose reductase/xylitol
dehydrogenase (XRIXDH). Xylulokinase (XK) produces xylulose-5P, which can enter the pentose
phosphate pathway.

Transport proteins are needed to transport both xylose and glucose in yeast. It has
been found that in S. cerevisiae xylose is transported by glucose transporters (Kilian
and Uden 1988; Meinander and Hahn-Higerdal 1997), which have approximately a
200-fold lower affinity for xylose than for glucose (Kétter and Ciriacy 1993). Since
xylose transport into the cell is inhibited by glucose, the glucose concentration must
be kept low for the successful fermentation of xylose (Meinander et al. 1999;
Pitkdnen et al. 2003). This can be attributed to the induction of transport systems
(Bertilsson et al. 2008; Meinander et al. 1999; Pitkinen et al. 2003), the induction of
glycolytic enzymes (Boles et al. 1996) and improved co-factor generation (Pitkdnen et
al. 2003).

TMB3400 (Wahlbom et al. 2003b), is an industrial S. cerevisiae strain containing
genes that encode for XR/XDH/XK, and has been used in the work presented in this
thesis (Papers II-IV). It has been shown to be able to co-ferment xylose and glucose in
lignocellulosic hydrolysate (Hahn-Higerdal et al. 2007; Sonderegger et al. 2004). As a
low glucose concentration is required, a slow release of glucose is beneficial for
efficient xylose fermentation using TMB3400. SSCF has therefore become an
interesting process option since glucose is released from the WIS during hydrolysis.
SSCF using TMB3400 has been thoroughly investigated on various steam-pretreated
raw materials, for example, sugarcane bagasse (Rudolf et al. 2008), corn stover
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(Ohgren et al. 2006a), spruce (Bertilsson et al. 2009) and wheat straw (Olofsson et al.
2008b). Although sugars are continuously released during SSCF, several ways of
controlling the release of glucose from the solid fraction into the broth have recently
been studied. Xylose utilization has been shown to be improved by pre-fermentation,
during which much of the glucose is consumed (Bertilsson et al. 2009), or by
controlled feeding of cellulases (Olofsson et al. 2010b), as well as by enzyme feeding
strategies combined with fed-batch fermentation (Olofsson et al. 2010a) in SSCF.
Another alternative, to ensure a sufficiently high level of glucose in the broth even
after the cellulose is fully degraded, studied in the present work was the addition of
liquefied or saccharified starch-based material to the lignocellulosic substrate to
induce xylose uptake.

6.2 Integrated processes to facilitate xylose
utilization

Various process configurations were investigated to study the effects of process
integration on xylose utilization. The addition of LWM or SWM to SSCF of
pretreated wheat straw is described in Papers II and V, respectively, while the co-
fermentation of glucose and xylose in SHCF with the addition of wheat starch
hydrolysate is presented in Paper III.

6.2.1 SSCF

The effect of adding LWM to SSCF of pretreated straw using S. cerevisiae TMB3400
was studied in order to investigate whether increasing the amount of glucose released
from lignocellulose polymers could facilitate xylose uptake (Paper II). LWM, which
contains mostly glucose oligomers and only a small amount of monomer glucose, was
added to SSCF of SPWS (Figure 5.1). LWM was added at the beginning of batch
mode SSCF together with cellulases (Celluclast 1.5L) supplemented with -
glucosidase (Novozym 188), and an amyloglucosidase (AMG) preparation (Spirizyme
Fuel, Novozymes A/S, Denmark). In another experiment, the AMG preparation was
added to SSCF after 24 hours to delay the release of glucose from the starch.
However, in experiments performed on SPWS with either 7.5% or 10% WIS, rapid
release of all the glucose from the starch was observed within minutes of starting

SSCF, even when AMG was added after 24 hours, see Figure 6.2.
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Figure 6.2 Ethanol (triangles), glucose (circles) and xylose (squares) concentrations during batch
mode SSCF of SPWS (7.5% WIS) withour LWM (reference; dotted lines) and with LWM (1%
WIS). Amyloglucosidase (AMG) was added at the start of SSCF (dashed lines) or after 24 hours
(solid lines). (Adapted from Paper II.)

To investigate the cause of the undesired release of glucose, separate hydrolysis of
LWM was performed with each enzyme preparation, including new cellulases released
by the manufacturer (Novozymes A/S). Figure 6.3 shows the glucose concentrations
during the course of hydrolysis of LWM, showing clearly that the enzyme preparation
Novozym 188 has a very high AMG activity, especially at the loading used for
lignocellulosic material. Although Novozym 188 is mainly used for its B-glucosidase
activity, this enzyme preparation contains large amounts of AMG and a-amylase
proteins produced by Aspergillus niger (Banerjee et al. 2010). Oberoi et al. have also
reported high AMG activity of Novozym 188 (Oberoi et al. 2010). This may be
beneficial when only glucose fermentation occurs (as there is no need for an
additional AMG preparation), but this enzyme preparation is unsuitable for this
integration scenario and mode of operation. The use of controlled feeding of enzymes
may be one possibility, as the method has been used successfully in other studies on
SSCF of lignocellulosic material. However, it will probably be difficult to control the
glucose release from both lignocellulose and starch-based material at the same time, as
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the activity of the enzymes differ depending on the material, which may not be
suitable on a larger scale. Therefore, a better solution is to use enzyme mixtures with

low AMG activity for cellulase degradation.

Newly developed cellulase enzyme preparations were also investigated. Cellic Ctec
and Htec showed no AMG activity, while Cellic Ctec2 released about 16 g glucose/L
during a period of 24 hours (less than 1 g/L-h). These enzyme preparations were
therefore deemed suitable for integrated configurations such as SSCF, when the slow
release of glucose is required.
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Figure 6.3 Glucose concentration during engymatic hydrolysis of LWM using different enzyme
preparations. (Adapted from Paper I1.)

In order to obtain information on the glucose release profile from LWM by the
action of the AMG enzyme preparation Spirizyme Fuel, separate enzymatic hydrolysis
of LWM was performed in the same way as described in Paper II, using Spirizyme
Fuel at different dilutions. Spirizyme Fuel was dosed as recommended by the
producer, 0.5 mL/kg DM wheat meal. The enzyme preparation was then diluted by
factors of 5, 10, 20 and 50, and the same volumes of these solutions were added to
the hydrolysis step. The concentration of glucose during 72 hours of enzymatic
hydrolysis and the glucose productivity, calculated from the data obtained, are shown
in Figure 6.4. At the recommended dose of Spirizyme Fuel, hydrolysis was completed
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in 48 hours, resulting in the release of 93% of the theoretically available glucose (data
not shown). The initial glucose productivity was 8 g/L-h, which decreased to less than
2 g/L-h after the first hour.

To obtain efficient glucose and xylose co-fermentation with S. cerevisiae TMB3400,
slow glucose release in the broth is preferable, as discussed above. Attempts have been
made in several studies to determine the appropriate “low, but non-zero” level of
glucose. Modelling of simultaneous glucose and xylose uptake has shown that a
glucose feed rate between 5 and 10 g/L-h would be suitable to obtain the maximal
xylose uptake rate with a yeast cell concentration of 5 g/L (Bertilsson et al. 2008),
while Olofsson et al. reported an 80% xylose uptake in SSCF of lignocellulosic
substrate using controlled feeding of cellulases giving a glucose release rate of 2 g/L at
a yeast concentration of 4 g/L (Olofsson et al. 2010b). Therefore, it was decided to
reduce the amount of AMG to half of the recommended dose, with the aim of
obtaining slower glucose release from LWM, but at the same time ensuring that most
of the glucose was released by the end of SSCF.
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Figure 6.4 Glucose concentration (A) and productivity (B) during separate hydrolysis of LWM with
different dilutions (D) of the AMG enzyme preparation, Spirigyme Fuel. Glucose productivity from
LWM using Cellic Ctec2 is also shown for comparison.

SSCF of SPWS at 7.5% WIS was performed (with and without the addition of
LWM) using the cellulase enzyme preparation, Cellic Ctec2 to release glucose from
the cellulose and Spirizyme Fuel to release glucose from LWM. Considering the
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rather long hydrolysis time of the pretreated wheat straw, about 24 hours, LWM was
added to SSCF after 24 hours. Because of the additional AMG activity of Cellic
Ctec2 on LWM, AMG was added 4 hours after LWM addition to release the glucose
from LWM and to ensure glucose was released from the LWM present in the broth
after the glucose from the cellulose had been released and consumed (see Figure 6.5).
A lower enzyme loading of cellulases was applied to decrease the hydrolysis rate of

cellulose in the WIS of SPWS. The SSCF reaction time was extended to 144 hours.

LWM  AMG
30 added: | added [so0

r 45
r 40

r 35

r 30

r 25

r 20

r 15

Ethanol concentration (g/L)

r 10

Glucose and xylose concentrations (g/L)

Figure 6.5 Glucose (circles), xylose (squares), ethanol (triangles) and xylitol (no symbol)
concentrations during SSCF of SPWS with 7.5% WIS withour LWM (reference; dotted lines) and
with LWM (1% WIS) addition using cellulase at a loading of 20 (dashed lines) or 10 (solid lines)
FPUlg cellulose. LWM and AMG were added 24 and 28 hours after the start of SSCF, respectively.

Although additional glucose was provided at a more constant concentration by the
addition of LWM, no improvement in xylose utilization was observed, even when
most of the glucose had been released from the cellulose. The imbalance between
glucose and xylose concentration in the broth, which led to preferential utilization of
glucose by TMB3400, probably explains the results. In the reference experiment
without LWM addition, no glucose was available after 48 hours, which might have
led to no more xylose being taken up after this time, which has also been reported

previously by others (Ohgren et al. 2006a; Rudolf et al. 2008). When LWM was

58



added, the glucose concentration oscillated around 5 g/L, resulting in about 50%
xylose being consumed, based on the total amount of xylose available. Although the
experiment with the lower cellulase loading (10 FPU/g cellulose) showed lower
ethanol productivity, the final concentration of ethanol was 43.6 g/L, which is almost
as high as that achieved with a cellulase loading of 20 FPU/g cellulose, 45.4 g/L.
Despite the higher ethanol concentration due to the addition of LWM, no increase in
the ethanol yield was obtained; the maximal ethanol yield achieved was about 70%,
based on all the available glucose and xylose.

The addition of SWM to SSCF of SPWS was investigated to establish whether this
allowed well controlled glucose feeding. The glucose-rich SWM is easily fed by
pumping (see Section 6.3). A mutated strain of TMB3400, S. cerevisiae KE6-12
(Albers et al. Manuscript in prep.), that harbours the same xylose utilization features
as TMB3400, was used to investigate whether xylose uptake could be facilitated by
supplying the broth with glucose at a low feeding rate in the manner described above.

Better xylose utilization was achieved with fed-batch addition of SWM (feeding from
48 to 96 hours), when the glucose had already been metabolized, than in the batch-
wise experiments performed in the same study (Paper V). Very little xylose was taken
up until the glucose had been depleted. After 48 hours, the low glucose concentration
led to xylose uptake, and 31% of the total amount of xylose was utilized. Although
this uptake is higher than that achieved with batch addition of SWM (see Figure 6.6),
the xylose utilization was no better than in previous SSCF experiments with batch
LWM addition (Paper II) or delayed LWM and AMG addition, where 54% of the
xylose was utilized. The reason for this is probably related to the process design,
which resulted in differences in inhibitor concentrations during the first 24-48 hours.
The proportions of SPWS and SWM used in the study described in Paper V were
based on equal amounts of straw and starch, while in the experiments involving the
addition of LWM a smaller amount of the starch-based material was added. The WIS
content of the pretreated material determines how much extra liquid can be added to
the process. In the study with LWM addition, water was used for dilution to adjust
the WIS content in SSCF to 7.5%, and was added at the beginning of SSCE. On the
other hand, before adding SWM, SSCF had to be operated at a higher WIS loading
of SPWS (around 11%), since the mixture of SWM and the liquid used to wash the
solid residue of the starch material was used for feeding (Paper V). Due to no dilution
of the SPWS at the beginning of SSCF, the yeast had to cope with higher inhibitor
concentrations. This resulted in significant glucose accumulation, up to 20 g
glucose/L over 24 hours, due to the longer lag phase, which was inhibitory for xylose
uptake, at least during the first 48 hours.
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Figure 6.6 Measured concentrations of ethanol (A), glucose (B) and xylose (C) during SSCF of
SPWS with batch (solid lines) or fed-batch (dashed lines) addition of SWM.
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Alternatively, part of the mixture of the SWM and the washing liquid could have
been used at an early stage to dilute SPWS. However, this would have led to a higher
initial glucose concentration, but lower concentrations of inhibitors. The amount of
SWM used in the feed can also be reduced, leaving more space for dilution with
water, which would certainly result in a lower ethanol concentration. Furthermore,
fed-batch addition of the lignocellulosic substrate could provide a suitable means of
maintaining a low inhibitor concentration and of controlling the glucose
concentration during the first 48 hours. Substrate feeding has been successfully
applied in other studies (Bertilsson et al. 2009; Olofsson et al. 2010a). Better control
of the xylose-to-glucose ratio may be an interesting option in combination with the
addition of SWM as a source of glucose. Difficulties in glucose control in SSCF
require other integration scenarios, such as SH(C)F as a potential method for glucose
and xylose co-fermentation.

6.2.2 SHCF

The integrated process scenario using SHF in the lignocellulose-to-ethanol process,
and its advantages and disadvantages have been discussed earlier in this thesis, but the
effects of applications on glucose and xylose co-fermentation in SHCF will be
discussed below. The high initial glucose concentration may be unfavourable when
glucose and xylose are to be fermented together. However, a high initial glucose
concentration is only a problem when SHCF is performed in batch fermentation, i.e.,
enzymatic hydrolysis of the whole pretreated slurry followed by fermentation of the
liquid. A small glucose supply would be needed when the glucose is depleted to
facilitate xylose uptake, as previously demonstrated (Olofsson et al. 2010b). SWM
(called wheat hydrolysate in Paper III) is a glucose-rich solution derived from the
starch-to-ethanol process that could serve as a potential feed in the lignocellulosic
process. In this way, integration would not only facilitate xylose conversion, but
would also increase the final ethanol concentration in the process.

Other SHCF process configurations are possible, such as separate hydrolysis of only
the solid fraction after pretreatment, which can provide a glucose-rich solution that
may then be fed back into the process. In this case, enzymatic hydrolysis must be
performed at a high WIS content as dilution may result in a lower yield.

Two different process alternatives for SHCF, combined with SWM feed, were
investigated (Paper III), representing the above mentioned scenarios, as a means of
improving the co-fermentation of glucose and xylose. In the first configuration
(Configuration 1) enzymatic hydrolysis of SPWS at a WIS content of 7.5% was
performed, followed by separation of the solid and liquid fractions. The liquid
fraction was then fermented in batch mode until the glucose had been consumed.
SWM was then fed into the system for 75 hours, based on results obtained previously
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with a glucose solution feed (Paper III). The second configuration (Configuration 2)
involved pressing SPWS to a high DM content, which allowed enzymatic hydrolysis
to be performed with an 18.5% WIS. The solid residue after hydrolysis was separated
from the liquid, and the latter was mixed with the SWM (mixed hydrolysates) and
used as feed for fermentation. Feeding of the mixed hydrolysates started after one
hour of batch fermentation of the liquid fraction of SPWS, and lasted for 48 hours.
The effect of higher yeast loading (20 g/L) was investigated and compared to a
loading of 5 g/L since SHCF offers the possibility of yeast recycling. High cell density
fermentation has been shown to increase the volumetric ethanol productivity
(Thomas and Ingledew 1990) (g/L-h), which may reduce the investment costs.
However, it also increases the cost of cell mass production, which is a function of the
price of the added nutrients (Hahn-Higerdal et al. 2007). The amount of nutrients
that must be added can be reduced if wheat-derived hydrolysate is used as a feed for
glucose supply, as discussed in Chapter 1.

The main subject of this work, presented in Paper III was to investigate how xylose
uptake is affected by the feeding strategies in the two integrated scenarios of SHCF
dealing with the different sugar profiles. The SPWS hydrolysate used in
Configuration 1 contained both glucose and xylose sugars at high concentrations
already at the beginning of fermentation. Feeding SWM provided a further supply of
glucose during the fed-batch period. In Configuration 2, the liquid fraction of SPWS
contained mainly xylose, and some glucose, while the feed of mixed hydrolysates
contained a high amount of glucose and some xylose.

The high initial glucose concentration in Configuration 1 initially inhibited xylose
uptake, but did not influence the final result. The xylose was taken up completely
within 48 hours, resulting in an ethanol concentration of about 43 g/L, when using a
yeast concentration of 5 g/L (Figure 6.7A). This corresponds to an average final
ethanol yield of 95% of the theoretical, based on the available glucose and xylose. The
low feeding rate of glucose, 0.8 g/L-h, was shown to be suitable for inducing xylose
uptake, however, 20% of the xylose was used to produce xylitol.

In Configuration 2, xylose was initially taken up much faster, probably due to the
very low initial glucose concentration, see Figure 6.7B. However, the rate of uptake
decreased when feeding of the mixed hydrolysates started, as this also contained some
xylose. The xylose uptake during feeding varied between only 58% and 76% with a
yeast load of 5 g/L, which corresponds to ethanol yields of about 83% and 87%,
probably due to the higher glucose feed rate, 4.4 g/L. Xylitol formation was also very
low in relation to the xylose uptake (< 10%). The xylose uptake of TMB3400 has
previously been investigated at different glucose feeding rates. Lower feed rates of
glucose, 0.21 g/L-h and 0.45 g/L-h, on barley hydrolysate resulted in only 74% and
51% consumption of the total available xylose (Linde 2007). A glucose feeding rate of
around 2 g/L-h has been shown to be most suitable for xylose-fermenting S. cerevisiae
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(Krahulec et al. 2010; Olofsson et al. 2010b). Increasing the yeast concentration in
Configuration 2 improved the xylose utilization, which increased to 90%, but did not
improve the ethanol yield, which was around 85% of the theoretical (based on
available glucose and xylose), probably due to the simultaneous increase in xylitol and
glycerol (Paper III).
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Figure 6.7 Concentrations of glucose (circles), xylose (squares) and ethanol (triangles) measured
during SHCF with Configuration 1 (A) and Configuration 2 (B), using a yeast load of 5 (solid
lines) and 20 g/L (dashed lines) (for details see text). SWM or the hydrolysate mixtures were fed
between (I) and (I1) in the two configurations. (Adapted from Paper III.)

63
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The incomplete xylose uptake in Configuration 2 may also be due to higher amounts
of inhibitors, mostly during the first part of fermentation, as the medium used for
dilution was fed into the fermentor at a later time. The effect of inhibitors on the
fermentation of xylose-fermenting S. cerevisiae is discussed in detail in Section 6.3.
The fact that it was possible to obtain efficient xylose utilization in SHF, but not in
SSCF (Papers II and V), at the same WIS content may suggest that removing the
solid particles may have a positive effect on fermentation.

SHCF as a possible alternative for integrated process configuration resulted in
efficient xylose utilization and a high ethanol yield. Configuration 2 showed a higher
initial xylose uptake, but traditional hydrolysis and fermentation (Configuration 1)
was more successful, resulting in more efficient xylose uptake and a higher ethanol
yield, based on all the sugars added, despite the high initial glucose concentration.
This process configuration is also easier to implement due to the simpler process
scheme, and this may influence the investment cost.

6.3 Fermentation using mutants of S. cerevisiae
TMB3400

S. cerevisiae TMB3400 was used in SSCF (Paper II) and in SHCF (Paper III) due to
its proven ability to ferment glucose and xylose (Bertilsson et al. 2009; Ohgren et al.
2006a; Olofsson et al. 2008b; Rudolf et al. 2008). However, further improvement of
this strain was necessary to increase its xylose utilization and inhibitor tolerance, and
to decrease by-product formation. Two mutated strains, KE6-12 and KEG6-13i,
derived from TMB3400, exhibiting xylose utilization and inhibitor tolerance, were
developed elsewhere (Albers et al. Manuscript in prep.) and their performance was
studied in fermentation. Two different process configurations were used to perform
batch and fed-batch fermentation at three different levels of inhibitor concentration.
Batch fermentation was performed using the liquid pressed from SPWS, while fed-
batch fermentation was fed with the hydrolysate obtained from enzymatic hydrolysis
of the solid fraction of SPWS.

Inhibitor intolerance is a serious problem in the fermentation of sugars derived from
pre-treated lignocellulosic material by microorganisms, as the slurry contains toxic
compounds that affect yeast metabolism. The undiluted SPWS liquid contained
furfural, HMF and acetic acid at concentrations of 2.8 g/L, 0.3 g/L and 3.6 g/L,
respectively (Table 4.1). The tolerance of the strains TMB3400, KE6-12 and KE6-
13i was assessed in batch fermentation at different levels of inhibitors, in non-diluted,
1.5 and 2 times diluted SPWS liquid fraction (mainly comprising hemicellulose
sugars), while fed-batch fermentation was performed using only 1.5 and 2 times
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diluted SPWS liquid. The final inhibitor concentrations in the batch and fed-batch
fermentation experiments were the same at each dilution. Figure 6.8 shows how the
strains performed in different modes of fermentation at different inhibitor levels.

All strains were affected by the inhibitors in the hydrolysates. In batch fermentation,
both the xylose fermentation rate and ethanol yield clearly improved as a result of
diluting the hydrolysates (see Table 6.1). Monomeric glucose was rapidly consumed
in all cases. TMB3400 could ferment about 53% of the xylose in undiluted SPWS
liquid, which increased to 72% and 93% when the inhibitors were diluted 1.5 and 2
times, respectively, which also resulted in increasing ethanol yields. The same strain
has also been found to be able to ferment about 70% of the total xylose in the liquid
fraction of pretreated sugarcane bagasse, which contained about 1.8 g/L acetic acid
and 0.2 g/L furfural (Carrasco et al. 2010), and all the xylose within 30 hours when
the medium contained only 10% of the liquid fraction of pretreated spruce

(Sonderegger et al. 2004).

KEG6-12 performed worse than the original strain, regarding ethanol yield and xylose
consumption, while KE6-13i performed better in undiluted hydrolysates. Both the
mutated strains were less sensitive at lower inhibitor concentrations, being able to
convert over 90% of the xylose. However, since more xylose was converted to xylitol
and the glycerol production also increased, poor ethanol yields were achieved with
KEG6-12, the highest being about 0.25 g/g total sugar. The ethanol yield using KE6-
13i was about 0.3 g/g in 2 times diluted liquid. Other evolved strains of TMB3400
have also been investigated using spruce hydrolysate containing different amounts of
inhibitors (Koppram et al. 2013). In that study, the specific consumption rate of
sugars and the specific ethanol productivity improved, but xylose consumption was
not enhanced. In another study, improved strains of TMB3400 obtained by genetic
engineering exhibited an improved affinity for xylose, but the ethanol yield remained
unchanged (Fonseca et al. 2011).
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Figure 6.8 Concentrations of glucose (circles), xylose (squares) and ethanol (triangles) during batch
(A, G E) and fed-batch (B, D, F) fermentation of S. cerevisiae TMB3400 KE6-12 and KEG-13i
at different dilutions: undiluted (filled), 1.5 times (shaded) and 2 times (empty) diluted SPWS
liquids.
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As shown in Paper IV, fed-batch fermentation generally resulted in higher ethanol
yields, together with higher glycerol and lower xylitol production. Xylitol yields,
based on consumed xylose, were reduced to half, probably due to the significant
increase in glycerol production, the concentration of which increased by a factor of 2.
Similar behaviour has been observed in XR/XDH modified strains in previous
studies, where xylitol production was found to be lower (Karhumaa et al. 2007a;
Ohgren et al. 2006a). This was attributed to glycerol production which regenerates
NAD* for the XDH reaction, which in turn balances the redox reactions for the
xylose pathway (Jeppsson et al. 2003).

Although more xylose was not consumed, higher xylose uptake rates were observed in
fed-batch fermentation (Figure 6.8) at the same inhibitor levels. This is related to the
relatively higher amount of yeast loading at the beginning of fermentation, due to a
lower starting volume, which is a great advantage of fed-batch operation.
Fermentation experiments were performed using a similar process design (Paper I11),
showing comparable behaviour patterns, and ethanol yields obtained using TMB3400
were in the same range at similar dilutions.

The significantly higher ethanol productivity and ethanol yield exhibited by the
mutant strain KE6-13i clearly demonstrates its greater inhibitor tolerance. Xylose
consumption was most enhanced in undiluted liquids. KE6-12 could not ferment
xylose very well, but in more diluted liquids it showed a somewhat better performance
than the original strain.
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Table 6.1 Results obrained after 120 hours of fermentation. Mean values of duplicate experiments
are given for both dilutions in fed-batch mode and 1.5x dilution in batch mode.

Strain Mode. D Xyl Xyl Xylitol®  Glycerol Et,OH
cons.  cons. yield
g/L % % (g/L) g/L glg
Undil. 200 53 15 (3.1) 2.0 0.12
° Batch  15x 182 72 22 (3.9) 3.3 0.21
g 2x 17.7 93 21(3.7) 2.4 0.26
2 Fed- 15x 216 78 13(29) 8.1 0.44
batch . 18.6 83 16 (3.0) 6.3 0.48
Undil. 123 32 14 (1.8) 1.4 0.10
Batch  1.5x 227 90  28(6.4) 35 0.23
a 2x 18.2 96 24 (4.4) 2.6 0.25
= Fed- 15x 251 91 13 (1.5) 9.4 0.44
bach 208 95 12023 8.4 0.41
Undil. 247 65 24 (6.0) 1.7 0.19
g Batch  15x 238 94 29(69) 3.3 0.28
3 x 184 96  28(.2) 2.8 0.30
& Fed- 15x 257 93 14 (3.4) 9.3 0.45
batch . 20.2 90 13 (2.7) 7.0 0.49

D: dilution, Undil: undiluted, Xyl: xylose, EtOH: ethanol
“Relative to all xylose added, including monomers and oligomers.
PRelative to the amount of xylose consumed.

Based on glucose and xylose added.
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7 Conclusions and future outlook

The purpose of this work was to develop integrated processes for wheat straw- and
wheat starch-based ethanol production, and to improve the co-fermentation of
glucose and xylose from steam-pretreated wheat straw using integrated process
configurations.

Several alternatives for integration in upstream processes have been demonstrated,
and a better understanding of the effects of mixing has been obtained. Furthermore,
valuable information has been obtained on the performance of novel mutants of .
cerevisiae TMB3400, regarding their xylose utilization ability and inhibitor tolerance.

The major findings of this work are summarised below.
Integration of the cellulose- and starch-based processes

e Mixed streams of wheat straw and pre-saccharified wheat meal were
beneficial for both processes, as SSF of the mixtures showed better utilization
of the biomass than with any of the substrates alone. Thus, mixed substrates
are favourable in terms of final ethanol yield, probably due to the stress on S.
cerevisiae caused by weak acids present in SPWS. At the same time, it is also
easier to achieve high ethanol concentrations using mixtures than when using
only wheat straw as a raw material.

e The addition of saccharified starch-based material to wheat straw improved
the ethanol productivity and ethanol yield, making this integration scenario a
promising alternative, especially when considering the possibility of
separating the solid residue from the wheat meal and the utilization of that
fraction as animal feed.

e Neither batch nor fed-batch SSF benefited from the addition of fermented
wheat meal due to severe inhibition by ethanol and other inhibitory
compounds. It was thus concluded that this scenario is not suitable for
integration in SSF.
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Glucose and xylose co-fermentation

e Xylose uptake could not be improved by the addition of liquefied wheat meal
to SSCF, since the B-glucosidase enzyme preparation used for the cellulose
process had considerable side activities that prevented slow glucose release
from the starch, which could have facilitated xylose utilization. Although
glucose was provided at a more constant level by other enzyme preparations,
no improvement in xylose utilization was achieved.

e It has been demonstrated that separate hydrolysis and co-fermentation
facilitates xylose utilization when applying feed from the starch stream.
Higher ethanol yields were achieved in co-fermentation of glucose and xylose
in SPWS hydrolysate when only wheat starch hydrolysate was used as feed,
than in co-fermentation of the liquid fraction of SPWS fed with a
hydrolysate mixture from wheat meal and wheat straw.

o Differences in the performance of two mutated strains of S. cerevisiae
TMB3400 have been revealed. It has been shown that KE6-13i was more
tolerant to inhibitors, while KE6-12 performed better in less inhibitory
environments.

Integration of first-generation and second-generation ethanol production processes
has been demonstrated to increase the ethanol concentration. This will result in a
reduction in the cost of distillation, thus improving the process economics, while
maintaining a high yield.

Large-scale production of second-generation bioethanol has recently started, and an
intensive learning period is expected in the near future. A great deal of work clearly
remains to be done on both research and development level. To reduce production
costs, the integrated scenarios must be optimized by minimizing the amount of
enzyme and yeast, while the use of chemicals can be reduced, by utilizing wheat
hydrolysate as a nutrient supplement in fermentation. Techno-economic evaluation,
based on the data produced in this work, must be performed and the most promising
integrated scenarios suggested must be tested on process development unit and pilot
scale to verify their applicability in commercial production.
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Development of integrated cellulose- and
starch-based ethanol production and process

design for improved xylose conversion

Transportation fuels from renewable resources such as ethanol are one of the
alternatives to ensure energy security and decrease the net emission of carbon
dioxide. First-generation ethanol production from sugar- and starch-based
raw materials (1G) is today well established in many countries, and the focus
of research has thus shifted to the development and demonstration of the
production of second-generation bioethanol from lignocellulose (2G).

The purpose of this work was to develop integrated processes for wheat
straw- and wheat starch-based ethanol production, and to improve the co-
fermentation of glucose and xylose from steam-pretreated wheat straw using
integrated process configurations. Mixing steam-pretreated wheat straw
(SPWS) and pre-saccharified or saccharified wheat in simultaneous sacchari-
fication and fermentation, using baker’s yeast, Saccharomyces cerevisiae was
shown to be beneficial for both 1G and 2G ethanol production. The most
promising configuration for co-fermentation of glucose and xylose was sepa-
rate hydrolysis and co-fermentation of SPWS, using the genetically modified
strain, S. cerevisiae TMB3400, as this allowed the glucose concentration to be
controlled by the wheat-starch hydrolysate feed.

In the last part of the work, differences in the performance of two mutated
strains of S. cerevisiae TMB3400 were revealed, regarding their xylose utiliza-
tion ability and inhibitor tolerance.
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