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PREFACE

A lifelong fascination for the nature of the world, its manifi@idetsand phenomenaas gently
steeed me | believe,towardsphysics The collective efforts of thinking nmeand women
through the ages hageught to meticulously deconstruct the nature of things, in an attempt to
understand them, and to manipulate them to the benefit of ntankire product of these
efforts by its very rature,is never a rigid entity, but subject to constant appraisal, prodding and
pondering. In my late adolescencethere came a time when | found such academic
deconstruction obtrusive awisenchantingMy schoolbooks on maths, physics and chemistry
endedup in the bin. For a long time, my former fascination with these subjects lay dormant

The nature othe worldnever lost its allure, however, and, although somewhat reluctantly,
ended up embarking on a degree in Environmental Physics, spurred orcésnsmver climate
changeand the prospect of societlisruptionwith theendof fossil energyNow, at the end of
my years as a student at the Norwegian University of Life Sciences (NMBBNellearned to
appreciate the aforementioned deconstructiothefnature of thingsand the way it fuels a
continuous, remarkablEonversatiorof discovery This thesis, | hope, caerveas a miniscule
contribution tothis conversation

My work on this thesis has been interesting amdarding, reinforcing my impressiatmat

anything becomes more interesting when one delves into it properly. It has also reassured me
somewhattthe sheer amount of research on renewable energy is a prostasitig the efforts

to reduce fossil fuel usagad greenhouse gas emissions, the necessity of which becomes ever
more pressing, as evidenced in the body of research presented by the Intergovernmental Panel
on Climate ChangdPCC)[1].

| have enjoyed taking part in such research myself, anddaawe to appreciate the subjects of
biobutanol and biofuels in general rather more than | envisioned at the outset. In this thesis, |
have attempted to gather and concisely present information on two biobutanol production
pathways: ABE fermentation and sysdssed alcohol syhesis. While the evdooming

spectre of monetary value hampers the current industrial viability of these pathways to varying
degrees, the technologies they encompass are intriguing, and may well become important in the
future. And thatl think, is a suitably pragmatic and mildly optimistic note on which to conclude

my studies.

Sandefjord, December 2016

Lars Skjelbred Meyer
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ABSTRACT

The phasingput and eventual replacement of petrochemical fuels and chemicals with
renewable alternatives poses several challenges. Currently, biofuels are largely based on food
crops, laying clainto valuable arable land and possibly also contributing to increased food
prices. This is not a sustainable practice in the long term, and the questEsaboutwhat
feedstocks should be used instead.

An achievableanswer to thisquestion is lignocellasic biomass. Widely available and
abundant, lignocellulose is a main constituent in all plants, and may be converted into fuels and
useful chemicals bg several methods.

Butanol, the foucarbon alcoholhasa variety of applications in chemical industaynd is also
being touted by several researchers as a promising bidfoela long time prior to the
introduction of petrochemical butanol, AceteRatanotEthanol (ABE) fermentation was the
number one method for butanol production, utilizing starch sunghr feedstocks. After
dwindling due to unfavourable process econontlus, production method has regairsime
of its relevance due tooncernsabout the environment affidite fossil fuelresources.

There are two primary pathways for biobutanol prodmctOne is biochemical, utilizing
microorganisms to ferment biomass and convert it into products. The ABE process is chief
among these. The other pathway is thermochemical processing. Arguably, a main alternative
among the technologies of this pathwagyagasbased rixed alcohol synthesis.

The scope of this thesis is to scrutinize these alternatities ABE process and the syngas
based mixed alcohol synthesis processind to compare their technical and economic
viabilities. To this end, an extensilierature review has been conducted.

Through the literature review, it was found that lignocellulosic ABE fermentation is a viable
technology for production of biobutanol as a bulk chemical, though not yet for biofuel purposes.
In particular, process ecomics are hampered by the fermentatiBrD F W Bedditivity §o
inhibitory compounds frorassentialignocellulose pretreatmerand by the toxicity of butanol.
Mitigative measures include genetic and metabolic engineering of fermentation bacteria to
enhance tolerance of inhibitors and butanol, development of novel product recovery techniques,
improved reactor designs and upstream processing regimes tailored to each feedstock and
fermentation bacteria.

For the thermochemical process, it was found ttatversion of biomass to syngas via
gasification is potentially easier and considerably faster than the upstream processing of the
ABE fermentation. However, optimization of the process for biomass utilization lis stil
underway, and much researchrieededin the area of syngas purification to provide a
sufficiently clean substrate for mixealcohol synthesis. Mixed alcohol synthesis is not
commercially proven, and needs extensive research and development to achieve
commercialization. Key categories of impement include catalyst selectivity and reactor
design.
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SAMMENDRAG

Utfasingen og den eventuelle ersiagen av petrokjemiske brensler og kjemikalier med
fornybare alternativer byr pa flere utfordringer. | skrivende stund er biodrivstoff i hovedsak
basert pa jordbruk i konkurranse med mat, som legger beslag pa dyrebar matjord og kanskje
ogsa bidrar til gkte matvarepriser. Dette er ingen baerekraftig lgsning pa sikt, og spgrsmalet
melder seg om hvilke ramaterialer som kan brukes i stedet.

Et neerliggend svar pa dette spgrsmalet er lignocelluloseholdig biomasse. Lignocellulose er
hovedbestanddel i alt plantemateriale, og er dermed bredt tilgjengelig. Biomassen kan
omdannes til brensler og nyttige kjemikalier pa mange mater.

Butanol, alkoholen med fire Kaonatomer, er bredt anvendt i kjiemisk industri, og laftes ogsa
frem av mange forskere som et lovende biobrensel. Leng@efeokjemisk butanol ble
standarden utgjorde ABfermentering av stivelsesg sukkerholdige rastoffer den foretrukne
metoden for btanolproduksjon. Etter & ha mistet sin posisjon grunnet prosessgkonomiske
svakheter har metoden na gjenvunnet noe av sin relevans grunnet klimahensyn og bekymringer
angaede krympende reserver av fossilergi.

Innen produksjonsmetoder for biobutanol fianie hovedkategorier. Den ene er biokjemisk, og
bruker mikroorganismer til fermentering av biomasse som omdannes til produkter. ABE
prosessen er den fremste blant disse. Den andre kategorien er termokjemisk prosessering.
Hovedalternativet blant disse eolig syngasbasert alkoholsyntese.

Malet med denne oppgaven er & studere disse alternativeBig-prosessen og prosessen med
alkoholsyntese basert pa syngasog & sammenligne deres tekniske og @konomiske
giennomfgrbarhet. Med dette mal for gyet har efattende litteraturstudie blitt utfart.

Litteraturstudien viste at ABEermentering av lignocellulose er egnet for produksjon av
biobutanol til bruk i kjemisk industri, men at prosessen forelgpig ikke er gkonomisk egnet til
biobrenselformal. Szerlige prosegkonomiske hindre er fermenteringsbakterienes gmtalighet
overfor skadelige stoffer som oppstar under den ngdvendige forbehandlingen av biomassen,
samt overfor den giftige butanolen. Mulige tiltak er genmanipulering av fermenterings
bakterier for & gke des motstandsdyktighet, utvikling av nye teknikker for utvinning av
butanol fra fermenteringsbrygget, bedeaktordesign samt forbehandlirigasset hvert enkelt
ramateriale og hver enkelt art av fermenteringsbakterie.

Den termokjemiske prosessens omdagrav biomasse til syngas via gassifiseringatensielt
enklere og raskerena all den ngdvendige forbehandlingen ABE-fermenteringen. Denne
metoden for biomassekonvertering er imidlertid fortsatt under utvikling, og mye forskning
trengs innen rensinav syngas far man far et tilstrekkelig rent rastoff til bruk i alkoholsyntese.
Syntese av blandede alkoholer er ikke kommersielt utviklet, og trenger omfattende forskning
og utvikling for & bli det. Sentrale aspekter som ma forbedres inkluderer katedysato
selektivitet, samt reaktordesign.

Vil
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1 INTRODUCTION

At the time of writing, climate change is a subject of much debate and concern, and has been

for quite some timeAccording tolPCC, recent greenhouse gesiissions are the highest on

record, contribting to warming of the climatgl]. The International Energy AgengIEA)
VWDWHY WKDW 3ELRIXHOV >«@ FDQ SeéenbssitnQinttieSré&nspatD QW U |
VHFWRU >«@° PRUH VSHFLILFDOO\ E\ 3>«@ UHSODFLQJ OLT
vessels and other heavy transport modes that canntedbefied " [2].

Dwindling fossilhydrocarbomesourcess anothercurrent topic of debate and concelrstaple

of human endeavours during the past century, the petrocHamdcstry has providedaw

materials fora greatnumber of products withvide fields of application.$V WKH ZRUOGY{V
supplies diminish over timehe industry faces concerns of volatile oil prices and a need to
utilize other raw materia)sf possibleto manufacture its products.

One such product is butan8iincethe middle of the 2Dcentury, virtually all butandhas been
produced petrochemically, and that still holds true td8hyT hroughout the past century, this
alcohol has found despread industrial application as a bulk chemical. Currently, researchers
also contemplatits possible use as a biofyé4].

In light of the above, efforts to facilitate the prodantof butanol by means of renewable raw
materialsseen quite essentialFortunately, research amgvelopment efforts are under way
but significant technological and economical hurdles are yet to be cléredavailable
techniques for butanol production fall into two main categories: biochemical and
thermochemical. Bothan utilizebiomass as feedstk.

The major biochemical method béitanol production was developed more than a centuy ag
AcetoneButanolEthanol (ABE) fermentation was thenumber onemethod of butanol
production until the petrochemical industrgiched that position by the 196@fter worldwide
decline and discontinuatiari the ABE procesduring the latter half of the #@entury,interest

in ABE fermentéion has been renewed during the past decautit is currentlythe subject of
much researcfb].

Previously, ABE fermentatiowas based ofermentable sugars produced from fooopsrsuch

as corn and sugarcafd. Today more than ever, such feedstocks are in direct conflict with
worldwide foodproduction As a result, much attention has been directed at the utilization of
lignocellulosic feedstockswhich do not interfere with food productiorand are readily
availeble at generally loer coststhan food crop$3]. The use of lignocellulositeedstock in

ABE fermentationis far from trivial however and introduces new challenges to an already
demanding productioprocess

The primary method of thethermochemical butanol productiocategoryis based on
gasificaton of biomass, producing syngaghich is subsequently cleanellefore being
convertedto alcohols over a catalypt]. The gasificationprocessechnologyis mature, and
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has beerapplied with coal as its chief feedstofik over half a centuryOptimisation for
lignocellulosic biomass processing is underwBlye subsequent process step of synthesis of
butanol from syngas, meanwhils,not an industrially established methélong with its own

set of disadvantagethermochemical biobutanol production fatewdistinct advantages that
makedt an interestinglternativeto the ABE process.

1.1 Thesis goal

This thesis will evaluate the technical and economic viabilitpiobutanol production from
lignocellulosic feedstocks through ABE fermentation and thermochemical spaged
alcohol synthesis, comparing the two. To that end, a literature review will be conducted.
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2 GENERAL THEORY

2.1 Butanol

Butanol (CsH9OH), the four-carbon alcohol, has four structural isomers:-butanol
(alternatively 1butanol or butyl alcohol)iso-butand (alternatively2-methyl1-propanol or
isobutyl alcohol) seebutanol and terbutanol[8]. They are depicted schematicaily Figure

1. When produced from biomass, butanol is otesmed biobutanolThe differences between

the isomers in terms of energy content and combustion characteristics are rather modest.
Manufacturing them, on the other hand, requires different approaches. No biological process is
known to produce tetbutanol, which is exckively produced petrochemicall9].

OH
4H o HOWH B H-Cob o
H—(;:—(I:—(I:—Cl—OH H_(I:_?_CI_(I:_H CH3—(|:—CH3 CHg—(I:—CHs
H HH H H HH H H CHs
(a) (b) (c) (d)

Figure 1: The four butanol isomerg¢a) n-butanol (tbutanol),(b) secbutanol (2butanol),(c) iso-
butanol (2methyt1-propanol),(d) tert-butanol (2methyt2-propano) [8] .

All isomers except tefbutanol are considered for fuel applications, most notablytanol and
isobutanol8]. Theseare the two isomers produced by the processes considetes thesis
Isobutanol has the advantage efrig less toxic than-hutanol[10], but aside from that, their
gualities are quite similaGomerelevantspecificationf the two ardisted in Table lalong
with comparable data for ethareidgasoline.
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n-Butanol Isobutanol Ethanol Gasoline

26.9 26.6 21.4 30 +33
value (MJ/L)

96 106 110 88 +98
octane number

84 90 90 80 +88
number

0.81 0.80 0.79 0.72 +0.78
DW U &

117.7 107.9 78 27 +225
(U&

Solubility in 8.7 Miscible Negligible
ZDWHU D
wt%
Water 20.1 20 Miscible Negligible
solubility in
oxygenateat

Vg zw

3.3 16 54 +103
pressure (kPa)
Kinematic 8.3 15 0.37 10.44
viscosity at
G (mm?/s)
Table1: Properties relevant for fuel application of and isobutanol compared tbhose ofthanol
andgasoling[8, 11-13].

The virtues ofn-butanol for biofuel applicationonstituteseveral advantageghencompared

to ethanalandmostof these advantages apply to isobutanol as[well2]. Both nbutanoland
isobutanolcan be used directly or in gasolinblends, and will requirdittle or no engine
modification The fact thaboth butanol isomerare nonhygroscopiccould simplify storage
and distribution £blending with gasoline can take place at the refinery, whereas ethanol
blending must be pgsbned until shortly before usBoth nbutanoland isobutanol areder to
handle, due ttheir lowvapour pressuseThismay also reduce emissions from fee&poration

in warm conditionsBoth butanol isomerareless corrosive than ethanol, whictay facilitate

the use of existing pipelines, tanks and related infrastru&aree corrosion has been observed
afterengine testing witm-butanol in cold conditions, however, indicating that further studies
on this matter are necessaButanol hagwice the number of carbon atoms in its molecular
structure compared to ethanol, resulting in a higher energy cami@atanolalso has an octane
numbercomparable to that of gasoline, as can be feem Table 1 While the octane number

of isobutanols considerably higheiit is gill lower than that of ethanol.

Butanol is an important bulk chemical in a variety of industrial applications, with frequent
utilization as solvent in production gfints, plastics and polymej8, 14]. n-Butanolis by
some distance the most commercially dominant butanol isomerthan®.8 million tonnes
traded worldwide in 2008ad anestimated glodamarket value ofJS$5 billion, expected to
grow 3.2%annually[10]. In a recent report by Grand View Resedth], the global market

4
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value of isobutanolvas expected to grow by about 6% annually from 2014 to 2022, reaching a
value of US$1.18 billion by the end of that peritdVKRXOG EH QRWHG WKDW LVR
substitute for AEXWDQRO LQ WKH[IKHPLFDO PDUNHW’

Lastly, it should be mentioned thatbutene, an easily produceebutanol derivativecanbe
quite effectivey catalysed into aviation fug¢l6].

2.2 Lignocellulosic biomass

The main constituent of plant cell walls is lignocellulose. In other words, lignocellulosic
biomassis an abundant resource thedn be acquiredrom a wide varietyof sources
Agricultural byproducts and residues in particukeincluding corn stoverwheat strawyice
straw, etc.thave received considerable attention from researchers examininglg@dssibe
feedstocks for ABE fermentatio®ther notable sources of biomass are dedicated energy crops,
such as switchgrasas well asurpluses from forestry.

The chief components of lignocellulosic biomass are cellulose, hemicellulose and lignin, in
addtion to minor amounts of othenaterials Cellulose and hemicellulose consist primarily of
hexose and pentose monosaccharides, respectiMatyratios oflignocellulosecomponents
varybetween different plan{d7]. 30-60% cellulose, 2@0% hemicellulose and 1Z6% lignin

are typical content percentages on a moistge basig18, 19] Examplesare provided in
Table2.

WECIEY Cellulose % Hemicellulose % Lignin % Ash %

42 28 7 11
38 26 23 6
37 29 19 -
38 29 24 6
35 #40 25 +30 27 +30 g
45 #50 20 +25 20 +25 12

Table2: Examples of lignocellulosimaterialsand theirapproximatecompositior{17, 20]. *An
average value fowoodbiomass.

Generally, cellulose fibrils are enveloped by hemicelluloses, which iraterhL[HG LQ 3D WL JK
composite structure of lignin and hemicelluloses boundio FK RWKHU E\ HRIFDOHQW
7KLV 3WLJKW FRPSRVhafakt thaiviighinFhasXpddpértiesQhat Makie very

difficult to degradd22] conspire tamake lignocellulosic materials challenging feedstocks to

handle in biorefinery processesreReatment iscommonly required to facilitate further

processing.
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3 THE ABE PROCESS

3.1 Overview

3.1.1 History

Butanol production through fermentation by anaerobic bacteria was first reported by Louis
Pasteur in 1861, whereupon it became a subject of research up uritllewdhg the turn of

the century Between 1912 and 1914, chemist Chaim Weizmann successfully isolated the
bacterial culture later to be named Clostridium acetobutylicum, which was found to produce
butanol and acetone from various starchy materials. Tiulisre formed the basis of the
Weizmann process, whickas the precursor of the ABE fermentation proc&ke industrial
prevalence of the procegsew on the grim backdrop of World War 1, duringigh acetone

was in high demandue to its applicatiom Cordite (snokeless gun powder) production. At

the time, butanol lacked immediate fields of application, but after the war butanol demand
soared largely due to its use in car lacquers. The ABE fermentation process subsequently rose
in prominence to becomthie secondnost important industrial fermentatigrocess in the
world, nex only to ethanol fermentatid6]. During the 50s and 60s, petrochemical production
became the economically preferable alternative when producing butadaktria ABE
process activity deatied worldwide up until the 1980when prodction virtually ceasedOnly

in China could one find ABE plants in operation after this, but at long last dligiion ended

in 2004 In recent years, howeventerest and investmem the process amn the ris¢5].

3.1.2 Process steps

The process of ABE production, from lignocellulosic raw material to biobutanol, can be divided

into severaldistinct steps. Depending on the choice of feedstock, treatment methods and
fermentation technique, the precise organisation of these steps maytvaryinstance,

combined hydrolysis and fermentation may take plas@le the fermentation reactdvery

step aheadlRl WKH DFWXDO IHUPHQWDWLRQ LV FRPPRQO\ WHUPF
SODFH DIWHU WKH IHUPHQW D W b&ksgnried tp aSIRIAS ViINstateD P~ 7 K
in Figure 2

Lignocellulosic raw materials from various sources must undergo pretreatppgopriate for
each substancé&he primary purposeof pretreatmenis to prepare the biomass for effective
hydrolysis. Pretreated biomassubsequentlyundergoeshydrolysisto produce fermentable
sugars that can be utilized by the fermentation bacteria. In addition,ifebettion of the
hydrolysate may beequired to prevent inhibitory substances formed during upstream
processingfrom hindeing fermentation. The hydrolysatea slurry usually referred to as
fermentation substratet forms the basis for thecwal ABE fermentation.For some



Lars Skjelbred Meyer 2016 NMBU

lignocellulosic substrates, pretreatmentiuces sufficient hydrolysis to avoid a dedicated
hydrolysis stef5]. When the érmentation has run for a sufficient tinvarious techniques can

be deployed to mover and purify butanol from the fermentation broth. Additionally, the
byproducts andesidual effluent can generate revenue through purification and processing, thus
contributing to improved overall process economics.

Lignocellulosic Pretreatment e :

Product Acetone

recovery & Butanol
separation Ethanol

Waste
treatment

Figure 2: Schematioverview of thdéignocellulosicABE process, fromaw materialto product.

Waste
treatment

3.2 Upstream processing

As butanolproducingbacteriaare unable to hydrolydgnocellulosic feedstockpretreatment

is necessary to facilitate hydrolysis thfe biomassprior to fermentatiori23, 24} Various
fermentation inhibitorscan begenerated during these processegh variety and severity
depending orboth the feedstock being treated as well as tibehniques involvedd, 24, 25]

The ABE fermentation is particularly sensitive to inhibitors, which often necessates

form of detoxification treatment of the hyadysate ahead of fermentatif26, 27] Due to their
frequently incompatible process conditions, pretreatment and hydrolysis are conducted in
separate vesse]23]. In ABE research literature, pretreatment, hydrolysis and detoxification
are often sorted under the collective term upstream processing.

In short, he available pretreatment techniqaee physical or chemical, or a combination of
the twa Additionally, biologicalmethod are being researched, but hggeto come to fruition

in terms of economic§ he general characteristics of these techniquiisbe outlinedin this
section, in addition tbrief descriptions of hydrolysis and detoxification

3.21 Pretreatment

The primary obstacle in anlgiochemical refinery processaiming to use lignocellulosic
feedstockss the issue of pteeatment and saccharificatif28, 29] As this is a general issue
in biorefinery processing;onsiderable amounts of research have been conduadied field.
Some ofthe aspects relevant lignocellulosicABE fermentation will bereatedhere.



Lars Skjelbred Meyer 2016 NMBU

The fundamental purpose d@fiomass pretreatment is tiepolymerize the building blocks of
lignocellulose, and tprovide surface area farydrolysis[22, 30] This process usually takes a
couple of hourd5]. As stated insection 2.2 lignocellulosic materials consist of cdbse,
hemicelluloseand lignin. The cellulase + hydrolytic enzymes involved ircellulose and
hemicellulose degradatiaturing enzymatic hydrolysigare prevented access to the cellulose
by lignin, both through physical obstruction and through lignin binding to the cellwagzh
reducesenzymeactivity [31]. Thus, pretreatmergenerally striveso reduce lignin contenf
reduction in the partly crystalline structure of cellulose is alsoflwéglefor the subsequent
hydrolysis, and can be achieved through pretreatniteshould be noted thahe ability to
remove hemicellulose is often regarded as an advantage in a pretre@tharue, as the
anaerobic digestion process used to produce ethanol is upaliéize the pentose sugars
resulting from hemicellulose degradati¢B2]. However, thsé is not the case with the
fermentative bacteria used in the ABE procegsch are fully capable of fermenting pentose
as well as hexose sugdggl]. Thus, for the purposes discussed here, hemicellulose removal is
not particularly necessaryalthough techniques with this ability may be used without the
hemicellulose actually being removed from gretreatment reactor

The various available pretreatment methods have different effects on the lignocellulosic
components. All methods hawdherentadvantages and disadvantages] are at varying stages

of maturity.Some involve severe process conditifrigh temperatures, use of chemicals etc.),
while others demand special attention to process equipment (e.g. due to corrosive acids).

Physical pretreatmeimcludesvariousgrinding andmilling methods amongst otherdNone of
thesemethodsinvolve theaddition of any chemical compounds to the biomake primary
effectof physical pretreatmens particle size reduction, which increases the biomass surface
area for subsequent mmatic hydrolysis High energy requirements render milling
economicallyunfavourable, howevegR?2].

The most prominent chemical pretreatments are dilute acid, alkali and orgargisocalled
organosolv pretreatmenses ethanol and water in partial hydrolysis of lignin to remove it from
the feedstock. This normally involves the use a strong inorganic acid catalyst, like sulfuric acid.
Lignin is a valuable byproduct, and its separation also reduces waste treatmésiments.
Additionally, detoxification isallegedlyunnecessary fldwing organosolv pretreatmefi7].
Dilute acid pretreatment is very similar to dilute acid hydro|ydgscribedn section 3.2.2The
main distinction between pretreatment and hydrolysis, in this case, is a matter othehen
processs applied during the upstream processifigs method is frequently used in research,
and while efficient, it causes th#ormation of several inhibitory compoundglkaline
pretreatment using chemicals like ammonia or alkaline peroxide haveessoused for the
ABE processThese methods haatsoproved their efficiency, but the formation of inhibitory
compounds such aslts pose a problem in their applicati@].

Steam explosions a quite commonly used example of a physibemical pretreatment
method, andnvolves rapid heating using higiressure steam, before an abrupt pressure drop
causes explosive decompression of themass. Its primary effects on lignocellulose are
frequently ascribed to hemicellulose remoatgingsidean increase of surface ayeehich aid
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subsequent enzymatic hydrolysis througiier access to the celluld83]. Steam explosion
may be conducted with or without the use of a catalyst, and latteecase itouldbe regaded
as a physical pretreatment.

Biological pretreatment using rot fungi for lignin degradation is an interesting concept that
deserves mention, considering its potentially low costs and energy requirements in addition to
high yields and little to no pollution. For the time being, however, treatment rates are too slow
for it to compete with the alternativéa8].

3.22 Hydrolysis

The two primary hydrolysis processes available for lignocellulose treatment usedéitteer
acid or enzymes.

Dilute acid hydrolysis uses mineral acids likeS&s or HCI in concentrations arour&d5wit%
[34], with temperature and pressure of approximately@&thd 1 MParespectively. On the
one hand, this method is effectjwesulting in high pentose sugar yields from hemicellulose,
disruption of ligninstructure and better access to cellul@e.the other, inhibitory sugar and
lignin degradation products are formed, along with other toxic compounds. gkistess
egqupment must withstand corrosi¢@®, 35] These disadvantages count againstuse of acid
hydrolysis in the ABE process.

Enzymatichydrolysis, as the name suggests, involves the use of specific enzymes to promote
saccharification of the lignocellulosic polymerBhis technique is highly dependent upon
pretreatmet) more so than acid hydrolyg&7]. On the other hand, its advantagespared to

the alternative are numerouBiomassto-sugar yieldsare high, byproduct formation is low,
process conditions are gentler and less enertgysive, and wastgrocessing is less complex

[32, 36] One clear disadvantage is the cost, primarily due to expensive en&mzgmatic
hydrolysis isthe mostfrequently usedhydrolysisoptionfor ABE researcl5], andalthough its
costPDNHV LWV LQGXVWULDO GHSOR\PHQW 3SUREOHPDWLF~
use in the ABE process may mitigate tii].

3.23 Detoxification

Detoxificationmethods for ABE fermentation habeen investigated by several researchers.
Again, there are physical and chemical methaisl combinations of the two, as well as
biological detoxification.

Vacuum evaporation is an exampté a physical detoxificationmethod. This method
concentratethehydrolysate, removing volatile toxic compounds. On the other hand, some non

10
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volatile ones maglsobe concentrated in the procg85]. Another example is electrodialysis,
which e.g. removes salts formed after alk@lpretreatmer5].

A widely usedform of chemical detoxification is pH adjustment, for instance using acid to
lower pH sufficiently to provoke inhibitor ionization and precipitation of certain toxic
compounds, before raising the pH again afterwaddgsrliming (using Ca(OH) is anexample

of this, and is often used after dilute acid pretreatm&dsorptionof toxic compounds from
liquid phase substratey activated charcoal aon-exchange resins also common. The latter

is rathercostly compared to the alternati@s].

Biological detoxification includes use of particular enzymes (such as laccase or peroxides) to
reduce the amount of acids and phenolampounds in the hydrolysate, as well as
microorganisms thaselectively remove inhibitof85].

Possible problems associated with detoxifmatinclude sugar loss, e.g. in the case of
overliming, as well as formation of hazardous comls in the wastewater stre§s0)].

3.3 ABE Fermentation

The bacterial species of gen@ostridium forms the basis of the ABE fermentation.
Biosynthesis of butanol only occurs in this group of ander@mdospordorming bacteria
[37]. Many stransand variations on the$@ve been isolateahd/or genetically engineerdaut
the four strainsmost commonly utilized in industry and researchare Clostridium
Acetobutyliaum, Clostridium Beijerinckii, Clostridium Saccharobutylicum and Clagdium
Saccharoperbutylacetonicufs], with emphasis on the first two.

The bacteria can ferment several pentose and hexose monosaccharides, as well as some
polysaccharides. Additional nutrient requirents are predominantly limited to sources of
nitrogen, to ensure bacterial growth aatiactory solvent productid4].

A central concept in the area of fermentation is that of sugar yield, which signifies the fraction

of fermentable sugars converted to produ@t& LV VKRXOG QRW EH FRQIXVHG ZL
important parameter for fermentation efficiency, which normally signifies grams of product
produced per gram of feedstock consumed in the prdéatanol titre, meanwhile, is given in

grams per litre ferentation brothOn a glucose basis, the maximum stoichiometric butanol

yield is 0.411g/d34]. On labscale, the higher yields achieved to date are in the area of 0.3g/g,

while the higher butanol titres are about 0.3@. Fermentation puctivity is usually given

in grams per litre per houand values seldom exceed 0.5g/[34].

Fermentation is typically performed at P58 W R andJat atmospheric pressufin an
anaerobic environmerj88]. Batch fermentation takes@ days, depending on fermation
conditions and feedsto¢R4].

11
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Normally, a single bacterial strain is used in fermentation. Howeavieny studies have been
conducted on coculture fermentation, using two or more bacterial strains with slightly different
metabolism characteristics that complement each other to indvats®l production, yield

and volumetric productivity in ghfermentatiori39].

Industrial fermentation has traditionally beeonducted in batch reactotsut disadvantages

like mandatory process interruptions for cleaning, sterilization and refilling of fermentation
broth make batch fermentation an inferior alternativsfed-batch, semcontinuous and
continuous reactors are preferableedo longer production period40]. Inoculation *the
addition of bacterial culture to tHermentation substraturry tmust also be repeatedef
each batch interruptioi20]. Due to simplicity of operation, batch fermentation is widely used
in research.

During fed-batch fermentation, the reactor is initially operated in batch mode, and normally
filled to less than half its maximum volume using {foancentration substrat&ubstratas
gradually metabolised by the bacteria, and fighcentration substrate isdwtl at a rate that
retainsconcentrations at neimhibitory levels.Product recovery (sesection3.4.1)is required

to maintain nortoxic butanol concentrationEermentation broth volume is slowly increased
until about threequarters of the reactor idléid, at which point the bacterial culture is harvested.
This procedure increases cell growth through lower product inhibition and substrate reduction,
resulting in higheproductivity for the reactdé1i].

Continuous culture reactors are also initiated in batch mode, whereupon bacterial cell growth
is maintained at the exponential growth stdgee section 3.3.1)Substrate is added and
productsremoved from the reactor simultaneously at a steady sataininga constant
fermentation broth volumeReactor productivity is improved, and fermentation periods are
lengthened. Unstable and eventually declining solvent production is an issue, ovitidbuces

to making singlestage continuous reactors unfeasible at the time of writing. Mitigating this,
multistage reactors are used, where bacterial cell growth, awcdl solvent productio(see
section 3.3.1)ake place in separateactorvesselg§41].

Use of free cell fermentatiotito letbacterid cellsmove freely within the reactavith the help

of mechanical agitatiothas been the standard mode of operation for AdBEaentation This
allows some flexibility in terms of combination with saccharification or recovery techniques,
but generallyinvolves lower prodictivity than the alternativept2]. Strong reactodesign
candidates for future industrial application includenobilized cell continuous reactors, as
well as membraneet] recycle reaiors[24].

Immobilized cell continuouseactors are based on bacterial cell adsorption ontuaptrates.
Feedstock is added to the bottom of a tubular reactor, while solvent products can be recovered
from the top. As no mixing takes place, contact between cells and solvent products is limited,
thus reducing mduct inhibition considerabl{41]. Due to this and the lack of mechanical
agitation cell survival time in the broth increasg0]. Longer cell survival times contribute to

a butanol yield increase of up 20% Certain challenges need to be overcome before the
stability of largescale continuous operation can be guaranteed, most notably the matter of

12
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nutrient supply to the cells, which needs meticulous regulation to avoid excessive cell growth
and formation of cell layers, rendergithe lower layers unproductiyé2].

In membrane &ll recycle reactorghe design basis very much like a fre cell continuous
fermentatiorf20], but thefermentation broth is filtered through a membrane while cell growth

is still at the exponential stageee section 3.3.1Bacterial cells are thus captured by the
membrane andells arerecycled to the reactor, while the remagibroth passes through.
Feedstock is added and products removed simultaneously, sustaining a constant fermentation
volume. Very high cell concentratior{s100g/L) are achievable in this way, but too high
concentrations have an adverse effect on the featient Therefore, cell bleéng tremoval

of excess cellstmustbeperformedo maintainproductive cell concentratiofidl, 42]

Another notable reactor configuration concept is simelbais sacchdication and
fermentationSSF) During SSEenzymes and bacteria are added to the same reactor to perform
hydrolysis and fermentation, respectiv@3]. This setup can also be combined with product
recovery such as vacuum fermentatidegcribed in section 3.4gffectively bringing three
process step®gether inone process unit, whickan contribute to reduced co$48]. Results

using these configurations are good, fully on par with or even better than those from
experiments based on glucose feedstock.

3.31 Fermentation characteristics

The fermentation itself takes place in tpbasesFirst, in the acidogeniphase exponential
bacterialcell growthoccurs primarily producingbutyrate and acetatalongside hydrogen and
carbon dioxideAt the end of this phase, the bacteria undargtetabolic Bift, to which there

are probably several contributing factors. Olileely factor is cellularresponseto the
dangerously low pH in the fermentation broth, which descends to levels associated with cell
death.The shift initiates the solventegic phasgwhere cell growth is stationaryhe acids
previouslyproducedare now assimilatedby the bacterismandused in production chcetone,
butanol andethanol This takes place paralléd contnued carbohydrate consumptif]. A

simple overview of the metabolic pathways is provided in Fi@uiiéghe final product ratio of
acetone, butanol and ethanol, respectivelypgally around3:6:1[5, 14]. However, this ratio

is subject to variation, primarily depending on tleementation strain involved. Genetic
modification and ratabolic engineering, briefliyeated insection3.3.3, activelypursuebetter
butanol selectivity in theermentationFor ingance, the genetically modified strain Clostridium
EHLMHULQFNLL %$ RIWHQbutahBt SWRIGX FLMQJD VYKUBDHQ ’
approximately 80% butanol, with most the remainder being acetof¥#&t]. Thereare also
strains that produdsopropanol in place of acetofi].
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Lignocellulose

Pretreatment & Monosaccharides
hydrolysis

Fermentation
Puryvate
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Acetate <) Acetyl-CoA — - Ethanol

Acetoacetyl-CoA

Butyrate “ Butyryl-CoA —’ Butanol

Acetone <

Figure 3: Simplified werview of metabolic phtvays duringABE fermentation. Therpcess pathway
goes downwards. Blue arrowsdicatereactions dominating during the acidogenic phase of
fermentation, while red arrows designate reactions dominating during thieréofenic phase.
Adapted fronj5] .

A topic that must be touched upon aeding ABE fermentation si infection from
bacteriophages. These afieuses that infecthe fermentation bacteria, with severely adverse
effects on the fermentation proce3$is has been a recurring problem throughout historical
industrid operation of the ABE procesf], necessitating costly and tirgensuming
sterilization regimes for procesquipmentAvoiding phage infection is a challenge to this day,
but is nitigated by various means, notably &ygineering infectiomesistant bacterial strains.
Preventing contamination is vital, as infection usually causesldassaof a fermentation batch
[45].

Another detrimental scenario that is known to occur during fermentation isthRelds@ OHG pPDFLC
FUDVKY ZKLFK VLJQLILHV D IDLOXUH R fromkhd acldagenitecQ WD W L R
the solventogenic phask.occurs mainly in batch cultures lackisgfficient pH contragl but

has alsohappened during cdinuous culture fermentationgl6]. The reason behind the
phenomenon remained elusive until 20d&/hen a study identifiedccumulation oformic acid

in the fermentation broths the probable root cauge].
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3.32 Product toxicity

Several products of the ABfrocessare toxig including acetone and ethanbltthe solvent
concentratiorat whichbutanolbecomes toxiccV P XFK ORZHU WeK4B]Q hérdfdie, R W K H U \
only butanol is an issue in ABE research concerning product toxigstpw concentrations

between 4 and 4 @amsper litre fermentation broth, butartbes noaffect the cell growth of

the fermentative Clostridia, whereas concentrations approachéggrams per litre
fermentation brotlnhibit fermentatiorto such a degree thiatwill cease[48, 49] This isone

of the chiefdisadvantagesf the ABE process: Butanol titre must remain low, resulting in a

rather meagre process yield.

To address this problem, mo&BE research over the pasto decades has followed two
avenuesof approach. One concerns the development of new fermentative bacterial strains
through gentics research and metabolic engineerimgth an aim to increase the butanol
tolerance of the microbe$he other regards novel product recovery techniquesithiataina

lower butanol content in the brofB0]. The former is briefly addressed in the next section,
while thelatter is covered isection3.4.

3.33 Metabolic engineering and genetics

Modification of bacterial strains for optimétion of the fermentation process and the related
microbiologicalcharacteristicare considered beyortde primary scope of this texdtill, it
should be noted that this is a crucial field of researchhe topic of ABE fermentation, and
several researchers regard itlasonethat possesses the greater potentiainigrovement of

the procesyield (and thereby economicdjowever, significant positive results have yet to
emerge from these effortslost research in this field concerns improved tolerance to product
solvents, and the scientific consensus seems to expgovements on this in the futuj24].

Thesesubjects haveecentlybeen extensively anthoroughly reviewed elsewhere,ge[51-
53].
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3.4 Downstream processing

3.41 Product recovery, separation and purification

There is a considerable variety tetChniques for product recovery in the ABE process, each
with its own equipmentequirements, alongside variations in equipment sequencing during
product separation and purification. For this reason, downstream processing issividedy

in research literature.

Product
separation and
purification

High purity
products

Fermentation

reactor ABE recovery

Figure 4: Schematic overview of the downstream processing sequence. ABE recovery may take place
within the fermentation reactor itself, as described in the main text.

As indicated in Figured, the solvent products are firsixtracted andecovered from the
fermentation broth, before subsequent product separation and purification. Product separation
and purification is largely based on use of distillation columns, and the order of distillation
follows the increasing boiling points of the products: acetone, ethanol and butanol, with boiling
points at 565 @, 78.4Q and U& UHV 954F Meetdnd @ \separated at high purity,
whereas ethanol requires further purification after distillation to meet industry standards. For
this purpose, molecular sievadsorption is often employed2]. A somewhat recent
improvemenin separatia technologys the inclusion of a decanter unit to ease #pagation

of water and butang12]. This separation regime produces product solvents of sufficient purity
(>99%)for application in industry or as fuel (additiv&yater is frequetty recycled for use in

prior process steps.

The main point of contentioin ABE downstream processirand the one witthe greater room

for improvementboth in technical terms and regardiitg influence onoverall process
economicsis theaforementioned extraction and recovery of products from the fermentation
broth.
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Traditionally,directdistillation has been employedter batch fermentatiomand distillation is

still used in industryfor this purposg21, 24] However, he energy consumption of this
technique is too higto be economicéf favourable partly becauséhe heat of evaporation for
butanol is higher thathat of waterConsequentlylarge amourstof watermustbe evaporated

before butanol can becovered48]. This contributes to an already unsustainable water usage,
and increased expenditures for wastewater treatment. To a certain extent, process water
recycling could mitigate thi$10].

As notedin section 3.2, butanol toxicity becomes an issue during fermentation. Therefore,
one of the primary goals dfie ABE product recovery techniques studied in recent years has
been to retain a low butanol concentration in the fermentation broth through butanol removal
during fermentation. This enablesreasegroduction from a given fermentation volume and
facilitates thause offed-batch and continuousermentatiortechniqueg55].

Severalrecoverytechniquesre under scrutinyybresearcherdMost of hese can bdeployed

3LQ ViiMdKéct conact with thefermentationbroth within the fermentation reactoiThe

primary virtues of in situ product recovery (oftabhbreviatedSPR) are twofold: Firstly, it
dRHVQYW UHTXLUH VLJQLILFDQW LQWHUUXSWLRQ RU FRPSC
Secondly, it contributes to a lower toxicity in the fermentation bdogttontinuouslyremoving

butanolfrom the brotH{24].

In short, secalled evaporative techniques apply energy to remove solvent from the fermentation
broth, which usually results in rather low product concentrations after product removal from
the broth. This, in turn, translates to higher energy requirements, i.e. removal of larger amounts
of water, duringsubsequenproductpurification. Other techniqgas use separating agents to
remove solvents from the fermentation broth. Separation agents with low affinity for water
result in high product concentrations and much less water to handle during purification, and so
energy consumptiors reduced55]. Separating agents must be removed from the products
afterwards, however.

Evaporatve techniques include pervaporation and gas stripping as well as vacuum and flash
fermentation. These areconsidered to bemongthe most mature ISPR techniquis],
alongside the nervaporative techniqueigjuid-liquid extraction, perstractiomnd adsorption.

As recovery is such a crucial technical step in the ABE procesthesé techniqueare
presented in briefddow.

3411 Gas stripping

By letting an inert3 F D Udag Hubbblethrough he fermeration broth, this gasan capture
acetone, butanol and ethanol, which can be collectedsaftssequent cooling of thesya a
condenser. @ses can be reused for the same purpose until fermentation ceaseoCHSS i3
termed gas strippinf}9]. Nitrogenis often usedAn alternative is to us€0O, and B +the
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main gaseous byproducts of the ABE fermentatiarwhich can be separated from the
fermentation broth.

A disadvantage of gas stripping is itdatively high energy requirementempared to other

ISPR techniqueslargely due to energytensive condensation of product solvents. The
technique has several advantages, thpagt it boastsome ofthemost promisingroduction

results among allesearched recovery techniquigg. It is a simple technology, easy in
operation and relatively uncomplicated to scale up, and will contribute to reduced energy and
water consumption during operati@ompared to traditional ABE process technigiie57].

Acids are not removed from the reactor durgas stripping, which promotes greater acid
conversion into product solvenis8].

Gas stripping can be performed within the reactor or in a separate vessel, the latter by circulating
the fermentation broth between the two.

3.41.2 Liquid-liquid extraction

Liquid-liquid (or solvent)extraction(LLE) can be performed either after fermentation is
complete, orin situ during fermentation, usually by mixingp a waterinsoluble organic
extractant inside théermenter[57, 59] The basic principle behind this technique is the fact
WKDW EXMar®s9IRE@ ih tie brganic (eattant) phase than in the aqueous (fermentation
broth) phase; therefore, butanol selectively conctadiia the organic phasgs9]. The orgard
phase substances can be extracted from the bwbireupon butanol can lwemoved in a
distillation columnmore effectively than would be the case by means of direct distillation
Using an extractant that is immiscilolih water facilitates its separation from the fermentation
broth, and subsequent recyclimy further use in the fermentérhe organic phase tends to
accumulate atop the aqueous phasale the fermentation reac{60]. This allows substrates,
water and nutrients to remain in the broth while butanol is recovered.

However, LLE has its disadvantagesExtractant solvents can be toxic to fermentation
organismsin the case oprolonged exposurancomplete phase separation causes loss of
extractantemulsion formatn may occur, and a rag layeraccumulatiorand inactivatiorof
microbial cells athe extractantbroth interfacetmayform [57, 59, 61]

The energy requirements for heating and cooling associated with LLE are an order of magnitude
higher than for other techniqugsb].

Variations on LLEhave been proposed. Notably, a dual extraction system with solvent
regeneration has been model[@8]. Here, acetonrrbutanotethanol is recovered in one step
using extractant solvents that ameretoxic to the fermentation microbes, bzdncurrently

more effective at product extraction. In a second step, the remaining fermentation broth is
cleansed of toxic extractant using a second;toait extractantbefore being recycled through

the fermenterThe results from this modelling indicate considerdtlyer energy requirements
compared to standard LLE.
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3.413 Perstraction

Addressing some of the prematic aspects of LLEperstraction(or membrane solvent
extraction)introduces a membrane to separate the extractant from the fermentation broth. This
provides a surfacthroughwhich butanol can be transferred between the immisaiganic

and aqueoughasesdue to the difference in vapour pressure between the two raeenides

Note that this does not constitute a phase change from liquid to vaperstraction, like LLE,
takes place entirely in the liquid phas&roduct solvents are immediately dissolved in the
extractant after diffusion through the membrarterough separation of the phasesues such

as extractant toxicity anémulsion andag layer formation (microbial cells at interface) are
reduced considerablyThe primary disadvantage of this technique is that the membrane
represents an obstacle fdretbutanol exchange rate, through whchduct solvent flux is
limited [59, 61] Also, membrane fouling or clogging is always an issue.

3.414 Pervaporation

Pervaporation introduces a mbranefor selective removal of volatile or organic comporsent
from the fermentation broth. A phase change fligond to vapour occurs aké compounds in
guestion selectively diffuse \ass the membrane as a vapa].

Due to its manyadvantages, some regard pervaporation as the most proreepagation
technology. Its ease of operation, not to mentierhigh efficiencyboth in terms of product
separation andnergy usage, count among its chief benefits. The lagktadctantomponents
added tothe fermentation broth also means no harmedto the fermenting bacterja7].
Several membrane varieties have been considered, anchgibljsiloxanemembranes are
widely consideredsthe most promising for ABE application, due ligh solvent selectivity
[62].

3.415 Adsorption

Adsorption can take place in situ or ex situ. The latter alternative has gained some attention
recently, for reasons stated below. The difference betwese two techniques is quite
straightforward: In situ means the process takes place where the fermentation itself takes place,
within the fermentation reactor. Ex situ techniques involve the circulation of fermentation broth
out of the reactor and throughseparate adsorption column, where product solvent extraction
takes place before the remaining broth isudated back into the react@3].
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The concepof adsorptionmevolves around use of compounds to which product solvents become
bound, facilitating their removal from the remaining fermentation b8ihsequentesorption

is often performed using steam, but alternatives existyvaguum evaporation or methanol
[50].

Of the several adsorbent candidates that hbheen studied, silicate, charcoal and
polyvinylpyridine are reported to be the most effecteL OLFDWH 3DSSHDUV WR
attractive as it can be used to concentrate butanol from dilute solutions (580 9(L) and

results in complete desorptiofilmutanol r ABE) " [64]. Also, heat treatment can be utilized

for silicate regeneration.

Sequential heatingf silicate after adsorption removes water in a first step, before removing
butanol at a higher temperature afterwarBailure to remove microbial cellsom the
fermentation broth before application of adsorbealy cause adsorbent fouling. This can be
mitigated through the use of a filtration membrane, or by centrifuging cells before treating the
cleared broth with adsorberj&#].

Poor biocompatibility with fermentation microbes and 1sefective adsorption of byproducts
alongside butanotounts among the chief shortcomings of adsorption recpwery have
limited its applicationThese problemmaybe alleviated by way of ex situ recovery, which has
ganed attention in recent yed&0]. This approach could allow such improvements as periodic
replacement of thadsorption column when adsorbents are saturated, although this bas yet
be experimentally verifiefb5].

3.41.6 Flash and vacuum

Flash fermentation and vacuum fermentation are very similar technigesgned for
continuous fermentatiohe main difference is théiash is carried out in an external vessel,
while vacuum takes place within the fermentation reactor. The latter reportedly has lesser
energy requirements and superior separation ability. Cost may become an issue with vacuum
fermentation, however, as theactor must be able tatwstand roughly 6.5kPa vacuysb].

During flash fermentation, circulation of fermentation broth takes place between the
fermentation reactor and a vacuum chamber. Atmospheric pressure is maintained in the reactor.
In the vacuum chREHU ERLOLQJ W TNwheteup@ DiffeHevapdrated UABE is
condensd. Vacuum is maintained using compressors, the operation of which constitutes
practically all the energy asumption of this proce$66].

Vacwm fermentation is based on maintaining vacuum pressure in the fermentation reactor,
which causes the fermentation brothbtl at low temperatures. Vacuum recovery was once
considered to be unsuitable for butanol production, since butanol has a higher boiling point than
water. However, when maintained at certain levels of concentration, the liquid heteroazeotropic
mixture famed by butanol and water can boil at temperatures below the boiling point of both
butanol and water, and the vapours produced will contain more butanol than the boiling liquid,
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resulting in higher butanol concentrations in the recovered streanin theermentation broth
[67].

3.42 Byproduct processing and waste treatment

Byproducts and waste are generated throughout the ABE process. Upstream processing
generates waste, m@ of which may be utilized. The primary example is lignin, whi€h
separated and purifiesgnay be utilized in other valuedded products, or it couldngply
undergo combustion to generate electrical pqé&). ABE fermentation produces gaskgquid

solvents and an effluent slurry that can be separated into solids and liquid wastewater
Everything aside from butanol is regarded either as byproducts or as Mragter utilization

of these will contributéavourablyto the process economics.

Acetone is the primary byproduct, and cas previously statetle utilized in chemical industry

with little or no purification beyond distillation. Ethanol, meanwhile, tends to require further
purification measures after distillation to meet industry standards, and the investments needed
to achieve that maiy some casesxceedhepotential revenueenerated69].

In terms of mass, ABE fermentation produskghtly more gases than solvents. AimaBthe

gas is carbon dioxide or hydrogen, in roughly equimolar amounts. Historically, these have been
separated by selective adsorption or throusghaf membranes and utiéid in various way6].

As previously stated, one of the applicatiaurrently being considered is gas stripping (see
section 3.41.1).

Treated and driedolid effluentfrom ABE fermentation is rich in proteins and vitamins, and
hasfrequentlyfound application as animal fe¢gl 9]. Depending on the quality of the soljds

an attractive alternative is combustion of theidslto generate electric powf9]. Several
current industrial ABE process plants already utilize anaerobic digestion of waste effluent,
producing biogas which can be useddeneration of heat ambwer[10].

Large amounts ofoutanol fermentation wastewater (BFWare produced during ABE
fermentation, and its contents include residual solvents, which makesrabkmfor the
environment, not to mention toxic to huma4re].

In recent years, a few studies have been conducted thdicgtlycaddress treatment of BFW

and contemplate its conversion irgmfitable compound€One such profitable compound is
bacterial cellulose, with potential use in food and biomedicine, amongst others. By use of
Gluconacetobacter xylinus, BFW was re¢gmérmented into bacterial cellulose, without use

of pretreatment or nutrient additivg¢gl]. In another line of approachwo separate studies have
consideredermentation of BFW using oleaginousage for production of microbial oiyhich

has recently gained attention due topbtentially valuable fields of applicatioone of which

is as feedstock in biodiesel productipf2, 73]. Both demonstrated that this utilization was
possible withat any form of BFW pretreatment, and the amount of organic pollutants in the
BFW was substantially reduced in the proc&3se significant disadvantage of this progess
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however,is the lenthy five-day fermentation timeln another study, an anaerobic baffled
reactor was used for B¥ treatment, producing methaifi@0]. This, too, proved to be a
promising line of investigation, resulting in a profitable product as well as great reduction of
%): SROOXWLRQ OHY HOV h thisgteddrivyRelJac b dri6 [@41 B acHilfivétion
phenomena in the anaerobic baffled reactor, leading to @edduehanation rates. In fact, Lin
etal.[74] suggesit may be more prudent to preait the BFW using an adsorbent, before using
the treated BFW as feedstock in another sessiorB&f #&rmentation using Clostridia

35 Industrial and economicstate of ABE fermentation

During the last decade, ABfrocess plants have started production in China and Brazil, and
severalcompaniesaround the world have expressed aterest in butanol fermentatipn
including nonrABE technologie$5]. S HVHDUFKHUV SDUWLFXODUO\ FLWH E X\
as a primary motivation for the resurgent interest inAB& process.The bulk ofrecent
industrialactivity based on the ABE procdsastakenplace in Chinamostly utilizing corn as
feedstock [3]. Examples outside of Chinainclude UK-based Green Biologics which
specifically emphasises development of lignocellulosic ABE ferment§figjn Establishing
sustainablandustrial businesses in this market is a challenge, however, as exemplified by
Cobalt Technologies. ThigdS-based companglsoendeavouredo use lignocellulose in the
ABE processbutfiled for bankruptcy in late 2015 despite being deemed a promising venture
only a few yeargagol5, 76].

The majority of industrial ABE plants are operated seamtinuously, using as many as eight
fermentation tanks with fermentation lasting up to three weeks at a time, with padddion

of feedstock and fermentation bacteria. After fermentation, product solvents are recovered by
distillation. Cost reduction is achieved throughlooation with ethanol plast with shared

waste treatmenjfLO].

Fermentative butanol production for bulk chemical purposes is already economically
competitive chiefly using conventional starch and sugar feedstocks. For biofuel purposes,
butanol fermentation is not currently compettiwost of the production costs stem from high
feedstock prices, with distillatiebased product recovery and energy usage contributing about
a fifth of total expenditure®n average The economic sustainability of industrial ABE
fermentation is very serisie to price fluctuations, both for feedstocks and for butafol
perhaps predominantly the latter, which is dictated by petrochemical butanol prices and
therefore closely rated to the price of crude ¢i0].

Butanol fermerdtion of lignocellulosic feedstocks can benefit from lower feedstock prices, but
as for any biorefinery process, the high costs associated with lignocellulose pretreatment and
hydrolysis are an issue. Still, utilization of agricultural residues, for iostarould represent
markedlyreduced costs for ABEermentatior{10].

22



Lars Skjelbred Meyer 2016 NMBU

Product recovery and purification cosanmake up as much as%0of current ABE process
costg[9]. This high percentage is caused by the low product concentrations in the fermentation
broth. Higher concentrations would mean lower energy requirements for downstream
processing, anthus lower costs.
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4 THE THERMOCHEMICAL PROCESS

4.1 Overview

41.1 History

The overall process of thermochemical butanol production, as outlined in the nextsséeson
yet to be comrercially realized. However, the principptocess stepsvolved are wel
established in industry and reseairtiother fields of applicatian

Gasification converts carbon richmaterialsinto synthetic gases (syngad} has found
substantial industrial application since the 1940s in coailin with Fischefropsch
synthesis for production of liquid fuels, witloal as the primary feedstodRecent researdh

this fieldhaschiefly been concerned withilization of biomass feedstocks, and several process
pathwayshave been developgd7].

Alcohol synthesis by reacting syngas over catalysts has been known since the 1920s. The oil
embargo of the 1970s saw a resurgence of interest in the field, particularly with an aim to
produce higher alcohols for fuel applications. When oil prices dropgaid,anterest waned,

and since therresearch hatargely been environmentally motivatdd8]. Notably, though

during the 1980s, research irteavyalkali-promoted, lowtemperature, coppdrased, zinc
oxide-containing catalystsstablished the knowledge that thesre considerably more active
andselective towards higdr alcohols, with prominent selectivity towards isobutanol

Alcohol synthesis on an industrial scale has largely loeafinedto methanol, using synga
from steam reforming of methandowever,development of selective catalysts formation

of higher alcohols + isobutanol in particular+ from syngas has gained interest among
researcherfor the past three decad@9-81].

4.1.2 Process steps

Pretreatment
Lignocellulosic (drying,

Syngas
Gasification purification,
conditioning

Mixed alcohol Butanol (and

biomass mechanical synthesis other alcohols)

comminution)

Figure 5: Overview of process steps involved in thermochemical bupaaductionvia syngag7] .

Figure 5 summarises the process outlined in the followirlggnocellulosic biomass is
pretreatedefore gasification. Gasification produces syngas, which subsequently goes through
purification and conditioning processes with an aim to remove undesirabfgopents before
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the syngas serves as feedstockired alcohol synthesis. The final productlod process is a
mixture of alcoholswhere isobutanol constitutes a prominent fracti®ynthesis of fbutanol

is also possible, but selectivity is much better for isobutanol. Thus, isobutanol is the desired
isomer in thermochemical butanol processing.

As will become evident in the following sections, gasification and alcohol synthesis are high
temperatureexothermicprocesses, and heat regeneration through ecgneentionalsteam

cycle for direct process use or for electricity generation should bedextlin the process
design.

4.2 Pretreatment

A thermochemical process such as gasification is capable of efficient conversion of a wide
range oflignocellulosic materials, including lignin. Some pretreatmerstigtly required
however, to reduce biomass particle sa&d to reduce moisture content, whidreatly
facilitates subsequent gasificatioParticle size reductignusually to around 280mm, is
achieved through mechanical comminut[8R2]. For the gasificatin process to produce fuel

gas with high heating values, which is desirable for the purposes discussed here, biomass
moisture contetnis usually reduced to 120% [83]. The significance of low moisture content

will become clear in the following section.

4.3 Gasification

Lignocellulosic biomass can be converted into a gaseous fuel by gasification,invues
thermal decomposition through partial oxidation in a suitable oxidation medium, converting the
energy in the carbon bonds of the biomass into combustiblergassconversion process is
very fast, usually taking place in less than 10 min{88% Possible oxidation media include

Oz, CO,, supercritical steam etdypical process tempdtaes rangdrom 8008 to 15008

[77, 78] The productgascan be used as engine fuel or in gas turbines, or as ligeid
feedstock, as considered here.

The following is ageneral summary of the chemical reawt in a gasifier
S -
2:NPE$EI@:PI%E3516’\ %1 :A*L Ftxz/, GGKHA :s;

BKILHKFE@=PBEUEJIL; » %d :A*LFvrx/, GGKHA :t;
9=PADN=GA=?PE®HE *;1 » %I *; :A*LEssz, GAGKHA :u;
CO, H and HO canpartakein further reactions

I=PAN=EBP %IE *s1 " WGE *s :A*LFvt/, GGKHA :v;
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IAD=JBKNI=PERAIE u*g » %5E *s1 :A*LFzz/, GCKHA :w

Notably, these are all equilibrium reactiotiseir directions depending on conditions such as
temperature, pressure and reactant concentrations. As indicated by these reactions, gasification
produces a gaseous mixture of £00, CH, H> and HO [82].

Variations in processing conditions and methods as well as oxidation media influence the
quality of the product gagommonlyquantified byheating value ocalorific value (CV),in

units of MJ/N. Gas CV of 46 is considered low, and wally produced with air, possibly in
combination with steam. Gas with a CV 0f-12 is deemed medium quality, and is produced
usingsteam anaxygen With oxygen, CV values in the high 20s are possibgng hydrogen

as oxygenation mediyna high CV ofabout 40 can be achieved. Chemical synthesjaires
medium or high CV ga82, 83]

As emphasised in section 4.2, feedstoukisture content must be kdptv. Feedstock moisture
above 30% hinders ignition and reduces CV. Higher moisture and carbon mdeeridayive

more hydrogen by the water gas shift reaction, which in turn increases methane production.
This is undesirable. Also, high biomass ash aunfabove abut 5%) can impede gasification

and cause slaggingmelting of ash in the gasifier hearttand resulting feed blockagd@?2].

A range ofgasifie reactor designs are availal&3], but the designs demonstratedth
biomass aresntrained flow,fixed bed and fluidised bedf which the l&er two are most
commonly used. Fixed bad thetraditional industry standard, with operating temperatures
around 1002 and various aiandfeed flow configurationsThe secaled downdraft fixed

bed reactqgrin which biomass is fed into the top of the reactor and undergoes gradual conversion
to syngas which is extracted from the bottom of the reaistdhe most popular variety for
biomass conversiorits simple desigrns an advantagealong with the low tar content of the
product gas, but the product gas also has relatively lowFNtised bed gasifiers, meanwhile,
feature uniform temperature distribution in a bed of-fhe DLQHG PDWHULDO ZKLFK |
by air injection. The major challenge of this design is avoiding bed rahtdeagging due to
biomass asfB82, 84]

Impurities in the product gas can include particles, tars, and nit;ogeiphur or alkalr
compounds. These cangdaty be removethrough purificatiorand conditioningi.e. gas clean

up. The degree of required purificatisdictated by the prospective application of the product
gas.

4.4  Syngas purificationand conditioning

Raw syngas usually contaimapurities andcontaminants that can poison catalysts employed
in subsequent syngas upgrading. These includeclestitas, hydrogen sulphidecarbon
dioxideetc.that require removal throughwal costly cleaningrocessef85, 86] The exact
methodsdeployeddepend on the intended application of the syngas.
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Butanol synthesiswhich isdescribed in section 4.5, involvése use of modified methanol
catalysts. For mixed alcohol synthesis using these catalysts, certain cleanliness requirements
must be met. Somm@otable points of interest will be mentioned here: Syegasent of sulphur

should ideally be kept below 0.1ppas it acts as a potent shiocking poison, particularly on

Cu catalysts. Water vapour at higher partial pressures will also inhibit the alcohol synthesis,
and should be reduced. Other possible syngas components that should be avoide@lnclude

as wellasNi and Fe carbonyl<CI will contribute to sintering of Cu catalysts, while Ni and Fe
carbonylscause activeatalystsite blockagg87].

A very wide variety of syngas purification and conditioning technologies are avaitatie
detailed descriptions can be found elsewhere, suf@8asrhe aim is to refine theaw syngas

to a product consisting almost entirely of CO and IH short, the different methods are
commonly categorized as hot gas (temperature XB0%arm gas and cold gas (temperature

< 1000) cleanup. A disadvantage of the latter alternative is the temperature regulation
requirement to cool down and heat up the gas before and afteruglearnereas the former
alternative presents challenges in the form of severe process conditions. Hodagag cl
includes mature technology such as cyclones and fitiemarticle removalalongside thermal

and catalytic cracking to remove tars. Sulphur removal at high temperatures is performed by
adsorption. Cold gas cleap includes mature and very effaa technologies thatisually
involve water or liquid absorption. Wet scrubbdadl into this category, andre commonly
employed for chlorine removal, in additiondfficiently removingmostotherimpurities[88].

4.5 Mixed alcohol synthesis

Topics concerning the development ofirpidepthspecifics regaling catalystare beyond the
scope of this thesis. Howeverjx®ad alcohol synthesis takes place over inorgartialgsts so

a brief treatment of some relevant issues is necesSarpeterms need to be clarified first:
Catalyst productivity indicates the amount of product produced per amount of catalyst per time,
normally given in g/kg/h 2FFDV LR Q D Qliguid pidducOadcentration per unit time

with units g/L/h #is also usedo describe productivitySelectivity, in the following, signifies

the molar fraction of carbon monoxide, CO, converted to a specific prig@jct

S0L[HG DOFRKROV  toXhe X3 @hgaJdi higlkeY alcohol’8]. Two types of
catalystare currently used for isobutanol production from syngas: modified methanol catalysts
and zirconiabased catalyst89]. Modified high- and lowpressuremethanol catalystgesult
primarily in a nixture of branched alcohols, among which isobutanoltleeamodynamically
favouredoroduct7, 78, 81] Various @talystdased on Zirconia (Zrfphavealsodemonstrated

a notableisobutand productivity and selectivity79, 89] Several of these require very high
reaction temperature and pressure, although some recent effortseeavmadeo synthesise
isobutanol with Zirconia catalyst less demanding conditigngith noteworthy results

Developing catalysts with high selectivity is among the main challenges of mixed alcohol
synthesis, particularly when the need to achieve la fnggtion of alcohols among the process
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products is taken into acgot. Modified methanol catalysts arguably the most promising
alternativein terms of selectivity90]. In light of this, the main emphasis in this text will be on
modified methanotatalysts.

OHWKDQRO FDWDO\VWYV DUH 3PRGLILHG  E\ctbé&e@ménts DQ DOW
which encouragethe formation of higher alcohols at the expen$enethanal These catalysts

are termed higipressure or lowpressure, occasionally intéa@nged with high or low
temperature, respectivelyypical activecomponentsare Anc or Chromium oxides for high
pressuremethanol catalysts, while thlw-pressurecatalysts use Copp¢r8]. The typical

process conditions for theo varieties are listed in TabB

Modified high-pressure Modified low-pressure
methanol catalyst methanol catalyst

ZnOICr,0s CU/ZNO(ALOS)
300 +425 275 £310
12.5 430 5 +10

1 1412

Table 3: Typical components and process conditions for modified methanol cafZs8¥].

The mechanism by which higher alcohol synthesis takes place is known as oxygen retention
reversal aldol condensation, and involves cartioain growth with addition of-carbon (the
carbon next to the alcohol oxygdi9].

Theoverall stoichiometric reactionifdnigher alcohol synthesimay besummarised as follows
wheren ranges from 1 to 87, 91}

JBEtI*g \ %*eosl* EXJFS*gl X

The reaction is exothermi@nd hgher n meanmore exothermiceactionsThe above reaction
canquite adequatelgdescribe higher alcohol synthesighencoupled with the water gashift
reaction

9=PAN=OEBP % IE *41 ~ %cE *s :A*LFvt/, GGKHA :v;

As can be seen in the above reactions, hydrogenation of CO leads to alcohol formation, but
other reactions atsoccur, such as GOhydrogenation. The side reactions involved and the
specific products generated depend on the catalyst used. Most studies on alcohol synthesis
catalysts focus on CO hydrogenation, however, and CO convepsi@mentage+ usually
signifying the molar amount of CO converted to prod{ic8 +is an important parameter in
discussion of catalystffeciency. Of the modified methanol catalysts, the hpglessure ones

have the higher reported CO conversions, but these are achieved at very high pressure and
temperatureLow-pressure catalysts typically have CO conversions below[ZI07®, 80]

For modified lowtemperature methanol catalysts, methanol makes up about 80% of the
products.For hightemperature methanol catalysts, the reponethanolfractions aran the
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approximate range &&0-50%, depending on the reactor configuratié®, 87] Isobutanolis
generally the most abundant product next to methanol, but is limited to arfratbout 20%
for high-temperature methanol catalysts

The influence of pressure on higher alcohol synthesis has been afforded limited attention by
researchers. Nevertlasis, several points of interest have been elucidatedhol formation
reactions are volume contracting, and thus increased prgeerllyleads to greater product
equilibrium concentration, meeny greater alcohol formation. To some extent, the gsttalso
dictates the influence of thpressure on reaction kineti¢82]. High pressures and high
temperatures in combinatioiend toincrease higher alcohol synthesis at #hense of
methanol formatiof87]. Also, notably, eaction pressure has significant influence on process
expense$9l].

High CQ concentrations inhibit formation of higher alcohols modified methanol catalysts
[80, 87] Syngas based on lignocellulosic biomass may contain as much as 25f2C@his
can be regulated after gasification by means of the water gas shift reaction.

Reactor configurations influence taécoholproduction efficiencyFor instance, the use of a
double bed reaot system has been shown to significantly impr@® conversion and
selectivity of higher alcohols general, including butang81]. In this process, there are two
catalyst beds within the reactaone lower in the reast, and one toward the topheseoperate
atdifferent temperatures and ulifferent catalysts to cater to ddffent synthesis reaction steps
The first, lowertemperature bed emphasizes methanol formation, while the second bed
achieves improvedsobutanol formation[79]. A variation on thesame concept cabe
accomplishedising two reactors in serig@ne significant advantage of this reactor type is that
considerable isobutanol productivity can be achieved atvelatmodest reaction pressures

e.g. 7.6 MP493].

The high process temperatures and heaéiggion of the synthesis reactions pose a challenge
in alcohol synthesis reactor desig?O hydrogenation involves highly exothermic reactions,
making diligent reactor temperature control a necestitg consequence would otherwise be
reduced yields ancatalyst deactivation by sinterifi7, 92] This is particularly true for fixed

bed reactorsReactor modifications necessitate extra equipment cost ahefwomplication

of operatior{91]. One proposed reactor design that potentially mitigates this is the slurry phase
reactor,in which finegrained catalystiP L[HG LQWR D 3{§Q.Xliheral GlLwaX)L G~
whereupon syngas isubbledup through the slurryfrom the bottomto produce products
subsequently collected in vapour ph§&¢, 95] Advantage®f this designnclude high heat
transfer capacity angood temperature contrdue to the presence of the slurry liquad,well

asthe prospeodf on-line catalyst replacemeand recyclingTo date, slurry reactors have only
found commerciakcale application in Fischdropsch synthesi®6]. If applied to isobutanol
synthesisthe slurry phase reactoould prove beneficial fdnigh-temperaturgrocesses based

on =LUFRQLD FDWDO\VWV DQG Kibbesked HIpmGdHietdPétharfdl GHD O
catalyst497].

Other techniques to improve isobutanol yield hlagen proposed, aside from improved reactor
designs, and the most notable among these is injectiowef kicohols (methanol, ethanol and
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propanol) into the reactor, which has been tested atgubde with promising results. The lower
alcohols are padf the alcohol mix produced, and can be recycled to increase the higher alcohol
yield [78, 87]

After synthesis the alcohols and unconvesggtgasarecooled before separation by distillation.
The alcohol stream is depressurised ahead of dehydration and separation. Dehydrated alcohols
are sent tlough alcohol separation columjr8, 87]

4.6 Byproduct processing and waste treatment

As previously mentionedand as indicated by the name of the process, mixed alcohol synthesis
generates several product alcohols. The major byproduct of isobutanol synthesis is methanol,
which can be recycled, as described earlier, or sold separately after distillEhiersame
applies to other alcohols, although only lower alcohols are recycled, as previousli8dpted

Considerable amounts of wastewater may be generated during syngas purification and
conditioningprocesses, depeind on the technology deployed, andl require wastewater
treatmen{82, 85] An example of this tar removal by wet scrubbidg].

4.7 Current industrial and economic state of thermochemical butanol
production

As indicated in section 4.1.Inixed alcohols synthesis has been knownafoouta century.
Despitethis, unfavourable selectivity and yield hasmderedits commercial applicatigrwith
industrial alcohol synthesis being restrictednethanolkynthesisA few companies designed
pilot-scale plants for mixed alcohol synthesis during the 1980s and 1990s, but no commercial
plants have been built subsequently, and activity in this field of resesr@insratherlow.
Improvements in the areas of reactor temperature control, catalyst activity and selectivity are
consideredrital to make he process commercially viallés, 87]

Also, lignocellulosebased gasification is commercially hampered by the need for complex and
costly purification and conditioning processes to refine the raw syngas, which is currently not
of sufficient quality for further processy sich as higher alcohol synthe§g5].
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5 PROCESS ECONOMICS

At the time of writing, rather few hdepth studies have been conducted concerning the
economic viability of the ABE process usilgnocellulosic feedstock3:.wo techneeconomic
analyses are available, as well as two other studies on process econohtiesseake listed

in Table 4 below. These are recent publications, based on different assumptions about
production plant capacity, feedstogkocess stepgtc. Note the wide variety in ABE process
feedstock costs in Table dyen among those studigsing the same feedstookiso, note the
concomitant butanol production cogtlong with thefour studies concerning ABE, a single
techneeconomic studyn thermochemical butanol production via mixed alcohol synthesis is
OLVWHG 7R WKH glkhdiWedéel itvis khe @nlip a¢sildblR stgdy of its kind.

Process Feed Feedstock Capital Butanol Butanol Annual Reference

path stock cost investment production vyield (L/t production
(US$/t) (USS$/L cost dry capacity
butanol) (US$IL) feedstock) (million L)

CsS 110.5 3.61 1.46 156 113.4 [69]

CS 64.3 4.69 0.88 135 94.5 [42]

ABE CsS 33 0.83 0.48 316 12.3 [54]

WS 24 1.05 0.84 159 119.6 [98]

Thermo PW 75 3.57 0.83 152 100.1 [7]

chemical
Table4: Key figures from techneconomic analyses of lignocelluleBased butangbroduction t is
metrictons.CS = Corn Stover; WS = Wheat Straw; PW = Pine W8ddhis number is based on fixed
capital costs, whereas the corresponding numbers from the other studies are total capitamtists.
figure is included for the sake of comparison, but it shollIQ RWHG WKDW LW GRHVQIW D«
GHILQLWLRQ RI 3\LHOG™ QRUPDOO\ XVHG ZKHQ GLVFXVVLQJ DOFR

The most recent techreconomic analysisf the ABE proceswasconducted by Baral & Shah

[69], and published in 2016Corn stoverfeedstock was used, with dilute sulfuric acid
pretreatment preceding simultaneous saccharification and vacuum fermentation. Using
SuperPro Designer as modelling software for process modelling and economic attaysis,
study considers a cellulosic biomediry with a butanol production capacity of 113.4 million
L/year, requiring more than 900000 tonnes of untreated feedstock per year. The total capital
investment is calculated to be about US$410 million. Ay&8r lifespan is assumed for the
production plah The estimated butanol production cost was US$1.8/L, whichofisst by
US$0.3/L through byproduct revenugiving a butanol cost of US$1.5/The authors claim

that process optimization could reduce costs further, achieving a highly competitivel butan
production cost of US$0.6/69].

In their 2014 study, Tao et #12] use Aspen Plus for simulation of a biobutanol plant with a
processing capacity of 2000 dry metric tons per day of corn stover fee{épckhe plant
includes dilute acid and steam explosion pretreatment, ion exchange columns for inhibitor
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removal,enzymatic hydrolysis and vacuum fermentation. After recovery, the product solvents
are separated through distillation. Solids from distillation and biogas from anaerobic treatment
of wastewater are burned in a combustor for electricity production. Tqighlcamvestment is
estimated to US$443 million. The plant is operational 350 days per year. Production plant
lifespan is assumed to be 30 years. Annual production is estimated to 94.5 million litres of
butanol. A sober acetosmitanotethanol ratio of 3:4 is assumed, along with a rather
optimistic +tE\ WKH UHV HDU F K H HagqunipoQ oD85% kugaf lyiBldQ(a value that
has yet to be achieved even on lab scale). This gives a minimum butanol selling price of
US$0.88/L. The sugar yield and prodwdivent ratio both influence the minimum butanol
selling price Also, feedstock price contributed about 25% of the cost, while byproduct revenue
offset the selling price by 28%.

Basing calculations and simulations for cost estimation on MATLAB, Kumaalef54]
consider a biorefinery with an annual production capacity diQiDtonnes of #butanol, with

330 operational days per year. The process ieslueet grinding pretreatment, acid or enzyme
hydrolysis, dilute acid or alkaline inhibitor treatment, batch fermentation and product solvent
recovery and separation by distillation. Various lignocellulosic feedstocks are considered, at
varying cost. No adistments to operational specifications of the plant are mentioned for the
different feedstocks. Total capital costs for the plant are not provided, only fixed capital costs
of roughly US$10.3 million are given. A butanol yield of 0.39g/g was assumed Ifor al
feedstocks. This gave a production cost of between 0.59 and 0.75 US$/L butanol for the
different lignocellulosic feedstock3.he estimated price ofoen stovetbased rbutanolis
US$0.59/L, and ifisted in Table 4.

The last ABE study included in Table 4 is one from 2013 by Qureshi[88&lThis is a cost
estimation studyf biobutanol production through ABEqressing of wheat straw biomass.
SuperPro Designer was used to design and simulate a plant with a butanol production capacity
of about 150000 tonnes per year, operational for 330 days per year. The process included dilute
acid pretreatment, enzymatic hgtysis, batch fermentation and recovery and separation by
pervaporation and distillation, respectively. Again, total capital costs were not given, but fixed
capital investment was estimated to US$193 million. The resulting butanol production cost was
US$084/L[98].

Another notable studgn ABE fementation is that of Pfromm al. [45] from 201Q where
L7KLQN PRGHOOLQJ VRIWZDUH LV XVHG WR PDNH 3D WHF
fermentativeproduction on-butanol and ethandbr biofuel use, comparing the twoofh and
switchgrassare useds feedstock supplied at 1689 tonnes per d@iie authors refrain from
estimating actual economic figuresthe switchgrass casdue to dack of data to back up
DVVXPSWLRQV 3/DUJH VF D Oswitchgi@ss yraductidn Chak ¢S Hranspo@ FH R |
storage and conversion to biofuel via fermentation on a thousand tonne per day facility scale is
ODFNLQJ DW WKLV Wiudyhbs éxaudedMrdovTablke 4. Wistddd, the study provides

liquid fuel production figures in terms of the lower heating value (LHV) of the products. For

the case of switchgrass, a LHV of 11.1TJ/day for ethanol from yeast fermentation and a
combined LHV of6.2TJ/day for both butanol and ethanol from ABE fermentation are
calculated. With about half the calculated LHV yield of ethanol fermentation, on top of

34



Lars Skjelbred Meyer 2016 NMBU

considerably more complex process requirements, fermentative productichutdnol is
deemed sevengluncompetitive in this study5].

To provide some context for the ABE fermentation LHVGo2TJ/day reported by Pfromm et
al.[45], a rough calculation of éhcorresponding LHV from Tao at. [42] can be madgas this
study features the producti@apacityclosest to lie averag®f the ABE studies in Table 4).
Using the LHV of Abutanol from Table 1, the above mengdd4.5 million litres per year and
350 annual opational days reported by Tao &t [42] correspond to ahHV of about 7.3
TJ/day. Tao edl. [42] also assume a feedstock supply of 2000 t/day. Scaling this supply down
to the 1689 t/day feedstk supply assumed by Pfrommatt[45] results in an LHV of about

6.2 TJ/day. Note that this approxited LHV/day value stems entirely frombutanol, which

is not the case for the corresponding numbanfPfromm etl. [45] thowever, the numbers

are the same

The only available techreconomic analysis on synghased alcohol synthesis of biobutanol

is by Okoli and Adamg7]. In this study,Aspen Plus is used for modelling a complete

production process, including pretreatment, gasifier, gas-cleamd mixed alcohol synthesis

in two fixed-bed reactors in series. Plant life is assumed to be 30 years, with ~330 operational

days peryear. Ad®\ IHHGVWRFN VXSSO\ RI WRQQHV RI-SLQH ZR

WK SODQW DVVXPSWLRQ™ LV XVHG PHDQLQJ WKDW WKH OHL

and operation is surmounted. The catalyst chosen in this study is not the oneevasth

UHSRUWHG &2 FRQYHUVLRQ WKLV FDWDO\WWYV FRQYHUVL

reportedly the only one with sufficient yield data for modelling purposes. CO conversions of
KDYH EHHQ UHSRUWHG IRU VRPH vwokWwaD@uiétw €O +RZH Yt

FRQYHUVLRQ RI1 The studyepoXsRibt&@ project investment of US$351 million.

A minimum butanol selling price of US$0.83ik calculatedLast but noteast, it should be

noted that a sensitivity analysis of the imipaicCO conversin suggests thane could reduce

the assumed0% conversiorio 18% and still retain lautanolproduction price around US$1/L.

35



Lars Skjelbred Meyer 2016 NMBU

36



Lars Skjelbred Meyer 2016 NMBU

6 DISCUSSION: COMPARISON OF PRODUCTION PATHWAYS

6.1 Process conditions and technology

In this sectionthe technical pros and cons of the two butgmoduction pathways presented
in previous sections will be summarised and compared.

The central processing steps$ the two butanol production pathways considered here are
fermentation and alcohol synthesigspectively. To convert lignocellulosic biomass into
suitable substrates for these two processes, the two pathways have very different requirements
for preceding processing.

The pretreatment regime of the thermochemical pathway only involves grindingyang, d
and is less compleand considerably less tirmnsuminghan that of the ABE pathwagtill,
it is no less crucial to the subsequent processing.

For the ABE pathway, pretreatmentnsermally followed by hydrolysis, andrequentlyalso
detoxificatilm. There are various possible configurations regarding the order of the process
steps involved, and they should preferably be tailored to suit both feedstock and fermentative
bacterial cultureThis tailoring will require considerable research efforts,jdquite necessary

to ensure a reliable and stable fermentation proédisthis fermentation substrate processing

is time consumingand requires diligentorocesscontrol in order to minimize formation of
compounds that may inhibit subsequent fermentation.

The thermochemical pathway uses gasification followed by gas purification and conditioning
to convert the pretreated biomass into sufficiently clean syngas for theladgoithesisThe
operative term here is process contiidlese processewme energyntensive,at least partly
proceeding at high temperatur@sd requiringcareful temperatursonitoring and regulation

The purification and conditioning are crucial pregesteps with a wide selection mssible
methods, all with their owprocess control requirementsowever, many of these methods
will need further research and development ahead of indusipplication.At the time of
writing, gasification and subseept purification and conditioning have yet to produce syngas
of sufficient quality to serve as substrate for catalgiized alcohol synthesis-ortunately,
research in this area is likely to receive quite a lot of attention, as biomass gasification and
syngas purification concern other, commercially established technologies as well.

ABE fermentation is hampered oy productivty and product yld. Various proposed reactor
designs representodesimprovements in this regard, most notably in the form of simultaneous
saccharification and fermentatiddeverthelesshie major potentidior improvemenarguably

lies in metabolic engineering and g¢ios.

While metabolic engineering and genetics are not directly treatéelpih in this text, a brief
elaboration on their importance should be made. In short, the low butanol tolerance of the
microbes in the fermentation reactor is the key issue oABte process. Improved recovery
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techniques will allow more energgffective and biocompatible maintenance of sustainable
butanol levels in the fermentation broth, which allows more complete utilization of costly
feedstockHowever, the rate of production lstill be limited, due to the low butanbction

in the broth If bacterialbutanol tolerance was increased significantly, the ABE process would
more than likely Bcome economically sustainabewith improved butanol titre and yield,
feedstockequirements, and thereby costs, would be considerably reduced.

Reactor design hasgnificantpotential for development in mixed alcohol synthegis. The
proposed improvements have their own distinct advantages and disadvantages. Pending further
develgment of the slurry reactor concept, the double bed or doublereacfiguration seems

to be the simpleavenue of approacevelopment of catadts for mixed alcohol synthess

rather slow, as research efforts are limibespiteincreasing interdsn recent yearsrhis is a

pivotal aspect of mixed alcohol synthesisjch like fermentation bacteria in the case of the
ABE processbut is beyond the scope of this text.

Product recovery and purification after completion of the rbaitanol productiorprocesses

are more complex for the ABE pathway than for the thermochemical patMivayally no

other alternativeto distillationhave been considered so far for the latter pathasg the lack

of less desirable byproducts warrants its. s@vnstreanprocessing in general plssg more
significant part in the overall ABE process economics than it does for the thermochemical
pathway. The aforementioned low vyield of the ABE fermentation inflates the energy
requirements for product recovery and separatiendering distillation less viahl@ here is
extensiveresearch in this area, and several promising candidate technologies are emerging.
However, comparison of experiments cited in literature is rather challenging, due to the wide
variety of experimentadetups and methods uséd.any rate, application of ISPR technology

on a commercial scale should be able to help the ABE process gain a proper foothold in the
industry chemicals market.

A possible issue with ABE research is the prevalence of simplisperexental setups,
frequently utilizing batch fermentation with various feedstocks. While a broad understanding
of the basetopicsis undeniably valuable, significant process improvement may require more
research directed at continuous procesSesnpared to mixed alcohol synthesis of syngas,
however, there is at least a considerable amount of research being done.

Refineries that combine use of thermochemical and biochemical techniques faffactiee

and complete utilization of lignocellulosidtomass maygonstituteviable avenues of approach

in the future.In particular, the ability of thermochemical processes to utilize lignin set them
apart from biochemical processes.

Finally, the issue of process time should be addressed. The ABE proerssadingly time
consuming, including several days of upstream processing before fermentation itself. By
comparison, the pretreatment regime of therrttochemical pathway is quickeand
gasificationof dry biomass to syngas takes mere minutes. Alcohahsgis takes hours, as
opposed to several days for ABE fermentatibhis is an advantage for the thermochemical
pathway.

38



Lars Skjelbred Meyer 2016 NMBU

6.2 Economics

In this section, the process economics of both pathways will be discussed, with particular
emphasis on the studiesviewed in seon 5.

First, afew comments on the comparison of tdoen stovelABE fermentatiorstudies included

in Table4: The study by Kumar etl. [54] assumes far and away the lowest feedstock costs, in
additionto a very ambitious (and futuristic, at best) butanol yield. Judging from the usual
fraction of total capital investment made up of fixed capital costs, the total capital investment

RI WKLY VWXG\ LV DOVR OLNHO\ WR IrEthis Pdntey fikeddp@R ZHU W
costs consist of equipment expenditures during plant cotisinucwhile total capital
investments also includmsts forengineering, construction etc., which add up to a larger sum.

The fraction of total capital investment made up by fixed capital easiss For the other two

studies, note thadespitehaving the higher assumed butanol yield and lower total capital
investment of the two, the study by Baral & SH&B] ends up with the higher butanol
production costThis suggests that feedstock cost is a more decisive paraketezver, the

study by Qureshi et a[98] diverts somewhat from theaguepattern of tie other studies.

Compared to the results of Tao et [@Z2], this study assues lower capital investments
considerably lower feedstock caositsgher yield and higher production capacity, and yet ends

up with almost the same butanol productiaist. % DUULQJ VRPH RYHUVLJKW RQ W
there are several possible causeshmr discrepancipeyond the parameters shown in Tahle 4
includingdiffering assumptions in process design #reldifference in simulation software.

Regardingthe comparison of thealculated nbutanolproduction in the form of LHV in the
studies by Pfroim etal. [45] and Tao et al[42]: Thecalculated LHV for both studies is 6.2
TJ/day, butas previously nied, Pfromm et al[45] includethe LHV of both rbutanol and
ethanolin this value, whileTao et al[42] only includen-butanol Thus, theLHV is somewlat
lower for Pfromm et al[45], but the discrepancy is too small for the result$ai et al[42]

to escae the conclusions of Pfromm etl. [45] about n-butanol fermentation fallimy
economically short of ethanol fermentatiggrobably even when differences in feedstock
choice and procesglesign are taken into accountComparison of ethanol and butanol
production is not the main purpose of this taxiit it is an important concernpa@ the
conclusions of Pfromm et gU5] clearly illustrate thehdlenge ofestablishing biobutanol as
a viable alternative in the biofuels market.

More research is needed before substantiated estimates can be made regarding the commercial
feasibility of isobutanol production via alcohol synthesis using syngéstestingly, thagh,

the single indepth techn@conomic study available suggests that this pathway could compete
with production via the biochemical pathwayen based on assumptions of research progress
which seem reasonably attainablehe near termtthe suggestiorthat a butanol production

cost of US$1/L is obtainable with a CO conversion of 18%aigicularly noteworthyand if
corroborated by future techrezonomic studies on the subject, this could be a key argument

for more researchndpilot-scale testing of this production process.
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The commercial feasibility of both production pathways seems limited at the time of writing.
On a starchand glucoséasis, the ABEprocesss well-established in the industry, and persists
even to this daon a very limited scale. Howevet requires some restructuringparticularly
concerning upstream processititp effectively utilize lignocelilosic biomassApplication of

ISPR technology on a commercial scale should be able to help ABE fermentagam ta
proper foothold in the industry chemicals markete fundamental problemsf the ABE
processstill concern low yield and productivity, whiare likely topersist unless a substantial
improvement in the field of metabolic engineering should ctomass.

As previously noted, syngdmsed isobutanol synthesis still lacks pilot plsedle testing, not
to mention much of the necessary research and development to get thmpfaveiments on
relevant alcohol catalysts alongsidgngas purification rad conditioningappearto be of
particular importance for the prospective success of this process pathway.

A considerable obstacle for commercial biobutanol productegardless of production
pathwayis the total capital investmenwhich are US$41nillion and US$443 million for the

two studies providing these figures for the ABE process, and US$351 million for the one
concerning the alcohol synthesis procd®ssearch and development should be stimulated to
reduce these figures.
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7 CONCLUSIONS

In this thesis an attempt was made comparethe technical and economic viability tfo
biobutanol production pathways:eABE process and thbermochemical process based on
gasification and alcohol synthesis. Both technologies seem promising, tutlinvited
commercal viability for the time beig. The primary products of the two process pathways are
different butanol isomers, and notably, one will not be able to substitute for the other in
chemical industry application§hus, the two processes would not be in direct competition with
one another on that fronthe n-butanolproducingABE process has the advantage of being
considerably more established in research and industrynilifundamental problems such
as low yeld and productivity araddressedt still struggles taegainits footing in the fiercely
competitive biochemical markefo a certain extent,pplication ofnovel ISPR technologies
could mitigate this in the near terifihe isobutanolproducingthermockemical process has a
longer way to go to become viable on an industrial scRlesearch activity on this topic
particularly regarding alcohol synthesisyould require a substtal increase to make
thermochemical biobutanol production a worthwhaliéernative within the next couple of
decadesln the current market, where isobutanohikessdemandcompared to #butanol, there
seems to bemited incentive for this.

While current techn@conomic studies suggest that butanol might struggle to ¢ermpth
ethanol in the biofuels mark@t the foreseeable futuréhe prospect of biobutanol fuel
applications is intriguingEven so, bsed on this review of the limited techeconomic
literature on the topic, fuel application of biobutanol seemdylitcerequire copious amounts
of research and developmdntbecome a realifyand perhaps also incentives brought on by
other relevant concerns such as oil price fluctuatigagernment policieand climate impact,
which are beyond the scope of this thesis.
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