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ABSTRACT

Climate change resulting from extensive greenhouse gas (GHG) emissions and the
depletion of finite fossil fuels have directed the scientific community to focus on exploiting
biomass for sustainable production of bioproducts and bioenergy. In particular, biobutanol has
been a focus in the area of biofuel research as the alternative renewable fuel due to its ability to
act as a fuel additive and better compatibility with gasoline than bioethanol. However, low
product yield and high substrate cost are the two major limiting factors in the industrialization of
biomass-based products. Biobutanol production using lignocellulosic biomass as feedstock
through acetone-butanol-ethanol (ABE) fermentation addresses the high substrate cost challenge
and provides energy security since the supply and production can be done domestically.
Nonetheless, this process is still under optimization for maximum fermentable sugar production
and final product yield.

Process simulation has been used to facilitate the design of biobutanol production
process. While commercial software is commonly used for process modeling, the accessibility
and cost-free nature of open-source software present opportunities for effective simulation,
particularly for small businesses.

The objective of this study is to develop suitable process configurations for biobutanol
production and to demonstrate the viability of the open-source chemical process simulator,
DWSIM, version 7.3.2, in modelling biobutanol production process and its ability to scale-up
laboratory results.

An extensive literature review was conducted to establish process flowsheet and identify
research papers with the required data to support process simulation. DWSIM was employed to
model the fermentative production of biobutanol from five lignocellulosic feedstocks: hybrid
poplar wood, elmwood, switchgrass, wheat straw, and pulp and paper mill side stream. The
designed process consists of the following steps: pretreatment (autohydrolysis or dilute acid
pretreatment), detoxification, enzymatic hydrolysis, fermentation, and distillation. In order to
complete the simulation on DWSIM, additional compounds were imported into the software to
represent the lignocellulose composition and the biomass pretreatment step. Chemical reactions
were included to model feedstock pretreatment, hydrolysis and fermentation steps. Model
validation was conducted against the results prior to configuration development. A total of six
process configurations were developed with varying feedstock type and composition,

pretreatment method and conditions, and content to be hydrolyzed. This study demonstrates the



ability for DWSIM to simulate results from laboratory scale and estimate biobutanol production
amount at an industrial level. The potential sites to locate biobutanol production plants in Canada

were proposed. Finally, DWSIM performance was also analysed.



RESUME

Le changement climatique résultant d'importantes émissions de gaz a effet de serre
(GES) et de I'épuisement des combustibles fossiles limités a amené la communauté scientifique a
se concentrer sur I'exploitation de la biomasse pour la production durable de bioproduits et de
bioénergie. En particulier, dans le domaine des biocarburants, le biobutanol a fait I'objet de
recherches, car c¢’est un carburant renouvelable alternatif qui a la capacité a agir comme additif et
une meilleure compatibilité avec I'essence que le bioéthanol. Cependant, le faible rendement du
produit et le codt élevé du substrat sont les deux principaux facteurs limitants de
I’industrialisation des produits a base de biomasse. La production de biobutanol utilisant la
biomasse lignocellulosiqgue comme matiére premiére par fermentation acétone-butanol-éthanol
(ABE) répond au défi du colt élevé du substrat et assure la sécurité énergétique, puisque
I'approvisionnement et la production peuvent étre effectués au niveau régional. Néanmoins, ce
procédé est toujours en cours d'optimisation pour une production maximale de sucres
fermentescibles et un rendement élevé en produit final.

La simulation a été utilisée pour faciliter la conception du procédé de production de
biobutanol. Alors que les logiciels commerciaux sont couramment utilisés pour la modélisation
des procédés, l'accessibilité et la nature gratuite des logiciels « open source » offrent des
opportunités de simulation efficace, en particulier pour les petites entreprises.

L'objectif de cette étude est de développer des configurations de procéde pour la
production de biobutanol et de démontrer la viabilité du simulateur open source, DWSIM,
version 7.3.2, dans la modélisation du procédé de production de biobutanol et sa capacité a
faciliter la mise a I’échelle des résultats de laboratoire .Une revue approfondie de la littérature a
été menée pour établir le diagramme de procédé et identifier les documents de recherche
contenant les données requises pour la simulation. DWSIM a été utilisé pour modéliser la
production de biobutanol par fermentation a partir de cing matiéres premiéres lignocellulosiques :
le bois de peuplier hybride, I'orme, le panic raide, la paille de blé et le courant secondaire des
usines de pates et papiers. Le procédé développé comprend les étapes suivantes : prétraitement
(autohydrolyse ou prétraitement acide dilué), détoxification, hydrolyse enzymatique,
fermentation et distillation. Afin de compléter la simulation sur DWSIM, des composés
supplémentaires ont été importes dans le logiciel pour représenter la composition
lignocellulosique et I’étape de prétraitement de la biomasse. Des réactions chimiques ont été

incluses pour modéliser les réactions qui ont lieu a chaque étape. Une validation du modéle a été



effectuée avant le développement de la configuration. Au total, six configurations ont été
développées avec différents types et composition de matieres premiéres, méthodes et conditions
de prétraitement et contenu a hydrolyser. Cette étude démontre la capacité du DWSIM a simuler
des résultats de 1’échelle laboratoire et a estimer la quantité de production de biobutanol au
niveau industriel. Des sites potentiels pour implanter des usines de production de biobutanol au

Canada ont été proposés. Finalement, la performance de DWSIM a également été analysée.



Vi

Table of Contents

1 INTRODUCTION ..ottt bbbttt b e b et e be bt bt e b 1
2 LITERATURE REVIEW .....coiiiiiiiiii ettt et 4
2.1 LignoCellUIOSIC DIOMASS. .......eiviiieiieiie sttt st ns 4
2.1.1  Sources of igNOCEIUIOSIC DIOMASS.........ccceiiiiiiiiieieice e 5
2.1.2  Lignocellulose structure and ChEMISTIY ........coeiiiieiieicicece e 5

2.2 BIOMaSS PretrEAMENT......ccuiii ettt st e e e e b be e seenrs 8
2.2.1  Physical PretreatMent .........cvoviiiiii et r ettt resn e ne s 10
2.2.2  Chemical PretreatMent........cccciviii it e et re st sr et et sresr e b e e s 11
2.2.3  Thermochemical PretreatMent...... ..o e 12
2.2.4  Biomass-derived INNIDITOIS. ........ccciiriiirirsre s 13

2.3 BIOBUTANODL.. .ottt se bbb bbb sbe e b b 15
2.3.1  Properties of bioBULANOL.............cocoiiiie s 16
2.3.2  Conversion of lignocellulosic biomass to biobutanol...............cccceeviiviiiiiniv s 16
2.3.3  ProCess SIMUIATION ........ccooveiiiiiieiire s 20

N © o] [=To] 1)Y= SRS 22
2.5 ProCesSs AESCIIPLION.......c.ciiiieie ettt sttt st re st sreeneerenre e 22

3  DWSIM SIMULATION DEVELOPMENT ....coiiiiiiteieie e 25
3.1  Compound selection and creation in DWSIM ..........cccooiiiiiiiiniieie e 25
3.2 General settings OF PrOCESS UNITS........ccvrirrerieiiiniesiereis e 26
KOG B B T 1 - W oo ] | (< od 1 o] ST SSS 26
34 ASSUMPTIONS. ...ttt bbbt b bbbt bt e ettt r s 27
3.5  Flowsheet development for biomass conversion modelling ...........ccccoevveveieiececciennnnn, 27
TR TS A @ 1o T=1 - ] o U g ) S 27
TR T w =T 1oy {10 £ SR 29
3.5.3  FIOWSheet deVEIOPMENT .......ce ittt nens 29

3.6 MOodel ValIdatioN ..o 32

4 RESULTS .t bbbt bbb e s bbb e e b bt re e e e b e 34
A1 FEEUSIOCK ...ttt 34
4.2 Flowsheet CONFIGUIALIONS .........cccueiiiiiiiic e e 34
4.2.1 Configuration 1 — Autohydrolysis on hybrid poplar wood..............ccociiiiiiniiieeee, 35

4.2.2 Configuration 2 — Autohydrolysis on elmwood ...........c.cccveiiiieii i 37



Vii

4.2.3 Configuration 3 — Autohydrolysis 0n SWItChQrass ...........cccccvvieveiiieie i 38
4.2.4 Configuration 4 — Dilute sulfuric acid pretreatment on wheat Straw ..........ccccooereiereieieenee 40
4.25 Configuration 5 — Dilute sulfuric acid pretreatment on pulp and paper side-stream............... 41
4.2.6 Configuration 6 — Dilute acetic acid pretreatment on SWitChgrass...........ccoevvevierieverereseennnn, 42
4.2.7  Fermentation PrOOUCES .......ccccviviiiierisese e stese et ee e e e seerestesseese s e e sresrestesresteseeseeeeeeseenens 44
4.2.8 Increased initial feedStoCK Mass FIOW..........ccoviiiiiiiciinee s 45

B DISCUSSION ...ttt bbbt b et bt bt s e b b et e b sbesreenne b 47
5.1  Potential biorefinery locations in Canada............ccccceeeiiiieieiicieie e 47
5.2 Lignin applications in a biorefinery CONtEXt.........ccovvvvviiriieiiieiec e see e 49
53  DWSIM SOftware PErfOrmManCe.........cccurirrerieiiineieeireis e 50

6 CONCLUSION AND RECOMMENDATIONS .....oooiiiiiieeee e 52

T REFERENGCES ...ttt bbbt n e 54



viii

LIST OF TABLES

Table 1. Composition of cellulose, hemicellulose, and lignin in various lignocellulosic biomass

in % dry mass (adapted from Kumar et al., 2019). .......ccccoiiiiiiiiiree e 5
Table 2. Advantages and disadvantges of biomass pretreatment methods (adapted from Brodeur
L= IR0 1) OSSPSR 10
Table 3.Property comparison between gasoline, butanol, and ethanol, adapted from Bharathiraja
BL AL 2007, ottt b et R e Rt Rttt r et e e e 16
Table 4. Comparison of the common process simulation software. .........ccccccvvveviivin v 20
Table 5. List of compounds used in DWSIM model for this simulation. .............cccccoceviiiiennnene 25

Table 6. Chemical reactions and extent of reactions in percentage for pretreatment and enzymatic
hydrolysis in each configuration. Cellulose and xylan conversion signify the hydrolysis of

pretreated solid. Glucolig and xylolig conversions were included when the liquid prehydrolysate
was utilized for enzymatic hydrolysis. References: * Guan et al. 2018. 2 Amiri & Karimi, 2015. 3

Wang et al. 2019. 4 Rajan & Carrier, 2014. ® Sander et al., 2020. ® Wang et al. 2019. ................. 30
Table 7. Fermentation reactions and % conversion (Meramo-Hurtado et al. 2021)...................... 31
Table 8. Boiling point of fermentation products (Basile & Dalena. 2019).......c.ccccoeevivvievinnnnns 32
Table 9. Data comparison between flowsheet results from configuration 2 and experimental data

presented by Amiri and Karimi (2015).......cccooiiiiiiiiiieseeee s 33
Table 10. Feedstock composition of each lignocellulosic material used in the simulation. .......... 34
Table 11. Parameters for all configUuIationS. ...........ooveiiiiiiiiiice e 35

Table 12. Location in longitude and latitude of the identified sites and area requirement in km?
for hardwood and Wheat StraW DIOMASS. ........uiiiiririiiciree e 47

Table 13. Amount of unprocessed lignin for each configuration in kg/h and point of separation.50



LIST OF FIGURES
Figure 1. General classification of biomass. Adapted from Bardhan etal. 2015. ............ccccoennee. 4

Figure 2. The structure of cellulose. a) The straight chain polysaccharides form cellulose
microfibrils via hydrogen bonding (shown as dashed lines). b) Simple illustration of the
crystalline and amorphous region of cellulose (Rajinipriya et al., 2018). ........cccccvviveivviesvciieiennns 6

Figure 3. The structure and composition of lignocellulosic biomass. ..........cccccevevieeiieie i cceciecnnn, 7

Figure 4. The effect of pretreatment on lignocellulose structure. Pretreatment disrupts the
structural integrity of lignocellulose, reduces cellulose crystallinity, and degrades lignin to enable

enzymatic hydrolysis (Kumar et al. 2019). ........ccoiiiiiiiiiiie e 9
Figure 5. An overview of biomass pretreatment Methods. ...........ccovieiiiiinn 9
Figure 6. Degradation pathway of lignocellulose in inhibitor formation. Adapted from Jonsson &
Y U 2 O OSSR TOSSS 14
Figure 7. ABE fermentation pathway of Clostridia species (Lin et al., 2023). ........cccccvevvevieiennne 19
Figure 8. Overview of the methodology of the biobutanol production simulation process. ......... 23
Figure 9. Schematic representation of steps involved in biobutanol production from

L To T Tot=] | U0 Lo Tol o] [0 1= TSt SR 24
Figure 10. Example of the compound creation panel on DWSIM for xylan. ..........ccccovvnvnennn. 26
Figure 11. Conversion reactor unit with inlet and outlet streams and an energy stream................ 28
Figure 12. Compound separator with inlet and outlet streams and an energy stream. .................. 28
Figure 13. Shortcut column used in this SIMUIATION. ........ccooiiiiiiii s 28
Figure 14. Ancillary units used in this SIMUIALION. ...........ccccoveiiiiiii e 29

Figure 15. Flowsheet for configuration one modelling biobutanol production using hybrid poplar
as feedstock and pretreated through autohydrolysis. ........cocvevveieiiieiieeie e 37

Figure 16. Flowsheet for configuration two modelling biobutanol production using elmwood as
feedstock pretreated through autonYdrolySIS. ..........coveiiiiiieicce e 38

Figure 17.Flowsheet for configuration 3 modelling biobutanol production using switchgrass as
feedstock and pretreated through autonydrolySis. ..........cociieiiiiiiiie e 40

Figure 18. Flowsheet modelling biobutanol production using wheat straw as feedstock and
pretreated through dilute SUITUIIC ACId. .......ccooveiiiiii s 41

Figure 19. The flowsheet modelling biobutanol production using pulp and paper side-stream as
feedstock and treated through dilute SUITUFIC @CId. .......c.coerieiiii i 42

Figure 20. Flowsheet modelling biobutanol production using switchgrass as feedstock and
pretreated through dilute SUITUIIC @CT. .....coviveieic s 44

Figure 21. Concentration of acetone, butanol, and ethanol in g/L from fermentation for
CONTIGUIALION ONE TO SIX. vttt bbbt bbb e bbb 45

Figure 22. Butanol production in tonnes/year with an initial biomass input of 4000 kg/h............ 46



Figure 23. Map of province of Quebec from Biomass Inventory Mapping and Analysis Tool
outlining the location of sites to supply 35080 tonnes/year of hardwood biomass. ...................... 48

Figure 24. Map of Alberta, Saskatchewan, and Manitoba from Biomass Inventory Mapping and
Analysis Tool that outline the sites with high availability of biomass to supply 35080 tonnes/year
OF WHEat SEraW DIOMESS. .....cviiiiiieie bt 49



ABE
AH
ASA
CS
CR
DP
GHG
LCB
SE
HMF
SSF
SHF
SLR

LIST OF ABBREVIATIONS
Acetone, butanol and ethanol
Autohydrolysis
Accessible surface area
Compound separator
Conversion reactor
Degree of polymerization
Greenhouse gas
Lignocellulosic biomass
Steam explosion
5-hydroxymethylfurfural
Simultaneous saccharification and fermentation
Separate hydrolysis and fermentation

Solid to liquid ratio

Xi



1 INTRODUCTION

Over 80% of global energy demand relies on the finite fossil resources, predominantly petroleum
(Soetaert and Vandamme, 2009) causing environmental concerns. Even though the recent COVID-19
pandemic in 2020 led to a 4.5% reduction in global energy consumption (bp, 2021), a rebound in energy
demand was soon observed in 2021 following the lifting of the pandemic health measures (World Energy
Council, 2022).

The petrochemical industry extensively relies on fossil fuels as raw materials for high-value
products like polyester, epoxy, and commodities and fuels such as gasoline (Hopewell et al., 2009; Gary
et al., 2007). Crude oil, owing to its low atomic oxygen to carbon ratio and high atomic hydrogen to
carbon ratio, is a preferred source for cost-efficient chemical and oil production. Nevertheless, petroleum
refining is an energy-intensive process with significant environmental impacts (Gary et al., 2007).
Additionally, the dependence on fossil fuel poses energy security concern. Many countries, including
those with significant energy needs, rely on petroleum imports from politically unstable countries like
Russia, a top oil-producing nation worldwide (International Energy Agency, n.d.; Soetaert and
Vandamme, 2009). Thus, most countries are dependent on potentially unstable sources for their oil
supply.

The combustion of fossil fuels and the industrial production of petroleum-based products have
contributed to fluctuating gasoline prices, climate change, and the depletion of these finite resources.
Fossil fuel combustion leads to the generation of unburned hydrocarbons, particulate matter, carbon
dioxide, and nitrogen oxide, all of which impact the environment (Obergruber et al., 2021). Specifically,
carbon dioxide, along with other greenhouse gases (GHG), plays a major role in climate change effects
(Ansari et al., 2023). Canada’s overall GHG emission in 2021 reached 670 megatonnes of carbon dioxide
equivalent, marking a 1.8% increase from 2020 (Canada, 2023). The growing use of vehicles contributes
significantly to both fossil fuel depletion and climate change. Moreover, transportation and power
generation accounted for about a quarter of the global carbon dioxide emissions in 2020 (International
Energy Agency, 2020). This increasing energy demand and the associated environmental impacts have
directed scientific focus towards developing technologies or processes to efficiently produce chemicals
from renewable resources, aiming to reduce reliance on non-renewable sources.

Utilizing renewable carbon resources as an alternative energy source reduces dependence on
fossil fuels and aids in stabilizing atmospheric GHG levels (Liao et al., 2020). Hence, there is an
increased focus on harnessing biomass to produce sustainable bioproducts such as enzymes, organic
acids, antibiotics and bioenergy like biogas, biofuel, heat, electricity to mitigate climate change. Biomass

as a renewable feedstock, can be sourced from various agricultural and forestry sources, dedicated energy



crops, and waste residues (Williams et al., 2015). One of the products, renewable liquid biofuels have
been increasingly integrated into the fuel mix for transportation each year due to their ability to reduce
dependence on fossil fuels, lower exhaust emissions, and support local agriculture (Obergruber et al.,
2021, Vertés 2010). For example, in 2021, the transportation sector in Canada relies on biofuel to meet
3.2% of its fuel demand (Pelkmans, 2021).

Lignocellulosic biomass (LCB) stands as second-generation biomass that doesn't compete with
food cultivation, is abundant, and is considered carbon dioxide neutral since plant photosynthesis captures
CO,. Additionally, the technology for utilizing second-generation biomass is more mature than that for
third-generation biomass (i.e. algae). LCB is a significant energy source besides coal, petroleum, and
natural gas (Liu & Yu, 2021). The cellulose and hemicellulose components of LCB serve as substrates for
various products such as xylitol, syngas, ethanol, butanol, and acetone, to name a few. Moreover,
employing biomass as a raw material for bio-products and biofuel production reduces the costs related to
fossil fuel import since biomass can often be grown domestically (Huang et al., 2013). Hence, converting
lignocellulosic biomass to biofuel could mitigate both environmental and economic concerns. Canada is a
country that has a great potential in local production of biofuel from woody biomass as it has abundant
forest area.

While bioethanol has been extensively studied, biobutanol is a more promising candidate to be
used as a drop-in liquid fuel due to its higher compatibility with gasoline. However, the current
biobutanol production relies mainly on corn as feedstock. This substrate is an edible source and
contributes to 60-70 % of the bioconversion production cost (Luo et al., 2021). Using lignocellulosic
material can improve the economic feasibility of bioproduction of butanol. Yet, the utilization of
lignocellulosic biomass for industrial biobutanol production encounters several challenges. These hurdles
encompass high energy requirement for biobutanol separation, inhibitor formation during the production
process, and economic feasibility (Guo et al., 2022b). The global market for n-butanol was valued at USD
6.4 billion in 2019 with projections to reach USD 7.6 billion by 2024 (Arsov et al., 2021).

Process simulation is an effective tool for predicting scale-up process from the laboratory
(Trirahayu et al., 2022). Thus, it can be used to facilitate the design of biobutanol production process as it
is still under development phase (Restiawaty et al., 2021). The cost-efficiency of computer simulations in
providing deep insights towards processes is particularly attractive (Kellner et al., 2019). Computational
process simulators have been implemented in plant design, identifying bottlenecks, and optimizing
processes conditions (Andreasen, 2022). While software simulations are common in biobutanol
production process (Liu et al., 2009), many studies have utilized commercial software such as Aspen Plus
to model the process of biochemical production of biofuel (Lassmann et al., 2014; Quintero & Cardona,

2011; Sassner et al., 2008; Haigh et al., 2018). However, the accessibility and cost-free nature of open-



source software encourage small businesses to incorporate simulations effectively. Additionally, open-
source computer simulations enable the study of pilot plant behavior without the necessity of conducting
experiments, resulting in a substantial reduction in experimental costs (Tangsriwong et al., 2020). To the
author’s knowledge, no study has conducted to model biobutanol production using the open-source
simulator, DWSIM. Various feedstocks can be used to produce bioenergy. Examples of feedstock are
microalgae, forestry feedstock such as wood chips and fire wood, municipal waste like paper and plastic,
energy crops such as switchgrass, poplar wood, and fast-growing willow (Khan et al., 2023). In this
study, the simulation focused on forestry biomass, algricultural feedstock, and pulp and paper mill side

stream.



2 LITERATURE REVIEW
2.1 Lignocellulosic biomass

Biomass has been utilized to generate energy in the human history as early as when people burned
wood for fire. In today’s world, biomass is a potential source of bioproducts, platform chemicals, and
bioenergy. Biomass can be utilized through thermochemical processes like gasification, combustion, and
pyrolysis, chemical conversion like transesterification, hydrogenation or biochemically via anaerobic
digestion and fermentation. As illustrated in Figure 1, biomass is generally classified into first, second,
and third generations. First-generation biomass comprises edible plant material, while second-generation

biomass consists of non-edible lignocellulosic biomass. Algae is categorized as third-generation biomass.

Biomass
First Second Third
Generation Generation Generation
Lignocellulose Algae

Edible Seeds Starchy

Virgin Waste Energy
Biomass | Biomass | Crops |

Figure 1. General classification of biomass. Adapted from Bardhan et al. 2015.

LCB is plant biomass that is abundant, carbon neutral, and solves the “food versus fuel” dispute
that the first-generation biomass (i.e. edible material) creates in bioconversion. Additionally, the
technology for converting LCB is more mature than the third-generation biomass (i.e. algae). Thus, there
are abundant studies on biobutanol production investigating bioconversion from LCB. (Veza et al., 2021).
The chemical composition of LCB typically comprises of 40-50% cellulose, 20-30% hemicellulose, and
10-25% lignin on average (Shinde et al., 2020). However, the specific ratio and composition of each
lignocellulosic polymer vary based on the source of feedstock. Table 1 provides examples of the

percentage of polymers of various lignocellulosic biomass.



Table 1. Composition of cellulose, hemicellulose, and lignin in various lignocellulosic biomass in % dry mass (adapted from
Kumar et al., 2019).

Lignocellulosic material Cellulose (%0) Hemicellulose (%) Lignin (%)
Hardwood 40-50% 20-35% 16-25%
Softwood 40-50% 15-20% 23-33%
Straw 30-43% 22-35% 15-23%
Grass 25-40% 35-50% 10-30%
leaves 15-20% 80-85% 0%
Wheat straw 30% 50% 15%
Switchgrass 45% 31.4% 12%

2.1.1  Sources of lignocellulosic biomass

LCB can be categorized into three types: virgin biomass, waste biomass, and energy crops.
Terrestrial plants and woody plants like trees and bushes fall under the classification of virgin biomass.
Forestry residue, agricultural waste (e.g. bagasse, stover), paper mill by-residues (e.g. sawdust, wood
chips, wood bark) are considered as waste biomass. Energy crops refer to dedicated crops used in second-
generation biofuels production, such as switchgrass, miscanthus, giant reed (Yousuf et al., 2020& Broda
et al., 2022). Examples of agricultural waste LCB include bagasse waste from sugar production, rice
straw waste, and corn stover. All these biomass feedstocks can be used in biofuel production to make
biofuels competitive to petroleum-based fuel (Adewuyi, 2022). The high content of cellulose and
hemicellulose make LCB a promising source of cellulosic sugars for biofuel production (Ahorsu et al.,
2018).

2.1.2  Lignocellulose structure and chemistry

Understanding the chemical composition of the lignocellulose is crucial in utilizing it in the
bioconversion process. The primary chemical composition in LCB is lignocellulose, with trace amounts
of ash, and extractives (Yousuf et al.,2020). Lignocellulose, found in plant cells walls, comprises well-
organized polymers of cellulose, hemicellulose, and lignin. The composition and proportion of each
polymer vary based on the source of the biomass. Carbohydrates, primarily C6 and C5 sugars, make up
approximately 70% of the dry weight of LCB and serves as the most common building blocks for
numerous bio-based products (Yousuf et al., 2020).

Cellulose is a linear polymer chain consisting of repeating D-glucose units linked via p-(1,4)-
glucosidic bonds (Zoghlami & Paés, 2019). Within the structure of cellulose, cellobiose, a disaccharide of
two glucose molecules is considered as the basic building block. Figure 2 provides a visual representation
of the cellulose structure. The degree of polymerization (DP), indicating the number of glucose units in a
molecular chain, varies in the cellulose chains depending on the type of biomass. For instance, the DP of

cellulose can range from 9,000 to 15,000 in wood (Pettersen, 1984). These cellulose polymer chains can



form microfibrils and fibrils with crystalline regions that exhibit intense hydrogen bonding interactions
making the area resistant to chemical degradation. Conversely, the amorphous regions allow access for
water or acid hydrolysis due to their less structured nature (Stephens et al., 2008). Only a small proportion
of cellulose is amorphous (Kumar et al., 2009), rendering cellulose highly reluctant to degradation. In
addition, the cellulose structure is thermodynamically stable due to van der Waals’ forces, intermolecular
hydrogen bonding, and intramolecular hydrogen bonding (Figure 2). The 1,4-glucosidic bonds within
cellulose structure can break to yield glucose molecules through the action of enzyme or acid, (Kumar et
al., 2009).

a)
glucose cellobiose
[ |
**HO7 ‘“//\o \\,o -//\ Ho <~//§
o N O--- : o SO
_..OH .' -Ho\/oﬁH 4 J Ho\/$ 4\ ‘
= " HO - / o _j o 1
o\/& 4\ /\Ho\/& 0t . /\HOW
b)

Ordered Crystalline region

Disordered Amorphous region

Figure 2. The structure of cellulose. a) The straight chain polysaccharides form cellulose microfibrils via hydrogen bonding
(shown as dashed lines). b) Simple illustration of the crystalline and amorphous region of cellulose (Rajinipriya et al., 2018).

Hemicellulose consists of branched heteropolysaccharide chains that link cellulose and lignin
polymers via covalent bonding (Nashiruddin et al., 2020) and is often heavily acetylated (Zoghlami &
Paés, 2019). Hemicellulose is composed of mostly pentoses (monosaccharide with five carbon atoms) like
xylose and arabinose, hexoses (monosaccharide with six carbon atoms) such as glucose, mannose,
rhmnose, and galactose (Boro et al., 2022) and some uronic acids (Kumar et al., 2009). The sugar
composition of hemicellulose varies depending on the feedstcok, linear polymer composed of -D-
xylopyranosyl units linked by -(1,4)-glycosidic bonds and substituted by 4-O-methyl-D-

glucopyranosyluronic acid and acetyl groups. Glucuronoxylan is the main hemicellulose found in



hardwood hemicellulose (Dou et al., 2021). The absence of crystallinity in the hemicellulose structure
makes it more accessible to chemical attack than cellulose (Williams et al., 2015).

Contrary to cellulose and hemicellulose, which are made of carbohydrate units, lignin is a
phenolic polymer composed of pheno-propane units: p-hydroxyphenol, guaiacyl, and syringyl units
(Basile & Dalena 2019). In nature, lignin is the structural component that protects plants from microbial
attack. This functional feature of lignin makes it difficult to chemically degrade when processing in the
labratory. The units in lignin are connected by ether bond and carbon-to-carbon connections (Harmsen et
al., 2010). Similar to hemicellulose, the exact composition of pheno-propane units varies among different
feedstocks. For example, softwoods have guaiacyl lignin but hardwoods are rich in guaiacyl-syringyl
lignin. Since lignin has no carbohydrate content, its removal is an important aspect of biofuel production.
However, lignin removed in fermentative biofuel conversion can be converted into energy through
combustion, other high-value compounds (e.g. cardon fibres, adhesives, vanillin), or synthetic gas via

pyrolysis/gasification.

hemicellulose

Plant cell

Lignocellulosic biomass

Figure 3. The structure and composition of lignocellulosic biomass.



2.2  Biomass pretreatment

The recalcitrant nature of LCB to chemical and enzymatic degradation makes utilization of this
material challenging. Specifically, the physical and chemical characteristics of LCB contribute to its
resistance to hydrolysis. Physical characteristics of lignocellulose such as crystallinity, particle size, pore
size and accessible surface area (ASA) are some of the contributors to this resistance to catalytic
degradation (Zoghlami & Paés, 2019). As depicted in Figure 3, the polymers present in lignocellulose
form a microfibril structure that is well-organized via various bonding interactions. Cellulose within the
lignocellulose matrix is recalcitrant to enzymatic degradation due to its structural integrity (Zoghlami &
Paés, 2019). Hemicellulose forms intermolecular and intramolecular hydrogen bonds with cellulose. Ester
and ether bonds are formed between hemicellulose and lignin in addition to the hydrogen bonding
interactions (Yousuf et al., 2020). To counter this issue, the bioconversion process employs a step called
pretreatment to disrupt the structural integrity of lignocellulose and to increase the accessibility of
polysaccharides to acid or enzymatic hydrolysis.

Pretreatment is a necessary step in the conversion of lignocellulosic material to biofuel. As
illustrated in Figure 4, pretreatment opens the organized lignocellulosic structure to expose cellulose for
enzymatic hydrolysis by breaking down hemicellulose and lignin (Kundu et al., 2021). Pretreatment is
crucial for the overall efficiency of biomass conversion. Treating biomass can lead to a 3-10 fold increase
in rate of enzymatic hydrolysis (Nauman Aftab et al., 2019). Furthermore, pretreatment affects the
crystallinity of cellulose, degree of polymerization, the structure of lignin, solubilization of hemicellulose,
and the cellulose digestion in the feedstock (Zoghlami & Paés, 2019). Pretreatment must achieve the
following criteria: generate monomeric sugars or enhances sugar production of the subsequent hydrolysis,
preserve polysaccharide, avoid or minimize the production of inhibitory compounds and be cost-effective
(Kumar et al., 2009). The source of LCB impacts the requirement of pretreatment method. Wang et al.
2021 compared the effect of dilute sulfuric acid pretreatment on birch, spruce, and aspen wood. The
pretreatment resulted in a higher glucose yield from enzymatic saccharification in birch than in spruce.
Conversely, aspen wood demonstrated less resistance to enzymatic degradation, as the dilute acid treated

aspen and untreated aspen resulted in similar glucose conversion enzymatically (Wang et al., 2021).
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Figure 4. The effect of pretreatment on lignocellulose structure. Pretreatment disrupts the structural integrity of lignocellulose,
reduces cellulose crystallinity, and degrades lignin to enable enzymatic hydrolysis (Kumar et al. 2019).

Biomass pretreatment can be categorized into physical, chemical, and thermochemical
pretreatment. Various pretreatment methods have been developed to address the compositional and
structural variation among LCB (Figure 5). Mechanical milling, dilute acid pretreatment, steam explosion,

autohydrolysis, and alkaline pretreatment are some examples of pretreatment methods.
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Figure 5. An overview of biomass pretreatment methods.

The main advantages and disadvantages of different pretreatment methods are briefly summarized
in Table 2. It is important to note that one pretreatment method is not effective to treat all feedstock types.
Many studies have been carried out to determine the optimal conditions for pretreatment to process
biomass feedstock and maximize sugar yield during saccharification. Wang et al. (2020) studied the
chemical and structural changes of switchgrass using 12 different pretreatment methods to provide a
comprehensive understanding of the most effective pretreatment for switchgrass at a laboratory scale. It
was concluded that nitric acid, sodium hydroxide alkaline treatment, and organosolv pretreatment using
ethanol were the most effective for switchgrass, inducing more morphological alterations to the

lignocellulose structures.
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Table 2. Advantages and disadvantges of biomass pretreatment methods (adapted from Brodeur et al. 2010).

Pretreatment method  Advantages Disadvantages

Milling and grinding - Simple operation - High energy consumption
- Can process large biomass volumes - Often require additional pretreatment
- No chemicals added step

- Generates no inhibitors

Acid - High sugar yield - High cost of acids

- Solubilizes hemicellulose - Generates inhibitors

- Effective on different types of biomass - Requires anticorrosive equipment
Alkaline - Efficient removal of lignin - Cost of alkaline catalyst

- Low inhibitor formation - Does not hydrolyze hemicellulose
Autohydrolysis - No additional catalyst - High energy/water requirement

- Hydrolyze hemicellulose
- Generation of inhibitors is minimized

Steam explosion - Cost effective - Generates inhibitors
- Suitable for hardwoods - Acid catalyst needed for efficient
processing

2.2.1 Physical pretreatment

The main aim of physical pretreatment is to reduce the particle size of LCB to increase the rate of
hydrolysis and form polymer chains (Banu J et al., 2021). Physical pretreatment methods include
mechanical treatment, ultrasonic treatment, or microwave irradiation. This type of pretreatment offers
several advantages: it reduces the crystallinity index, minimizes waste chemical production, and increases
the surface area for enzymatic actions (Yousaf 2020; Basile & Dalena, 2019). For example, hybrid poplar
wood underwent mechanical pretreatment by chipping to obtain a particle size of less than 1 cm? and was
subsequently subjected to chemical pretreatment (Wang et al., 2021).

Mechanical treatments, such as chipping, grinding, or milling, reduce the size of biomass
material, ranging from centimeters to micrometers (Barakat et al., 2014). For instance, chipping can
achieve a particle size ranging from 10 to 30 mm, while milling can produce finer biomass sizes of up to
0.2 mm (Kumar and Sharma, 2017). Milling facilitates the processing of LCB by also reducing the DP of
cellulose and cellulose crystallinity (Amin et al., 2017). Various milling instruments, including hammer
mills, knife mills, ball mills, and centrifugal mills, are used (Barakat et al., 2014). Wet disk milling has
become a preferred method due to its low energy consumption (Kumar & Sharma, 2017) and the absence
of inhibitor generation (Hideno et al., 2009). Hideno et al. 2009 compared wet disk milling and dry ball
milling on rice straw as the sole pretreatment before enzymatic hydrolysis. The sugar yield (glucose,

xylose, and arabinose) from enzymatic hydrolysis was slightly higher when rice straw underwent dry ball
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milling for 60 min compared to 10 repeated wet disk milling operations. However, chipping is preferred
for hardwood feedstock (Banu J et al., 2021).

Moreover, physical pretreatment alone is often insufficient and is typically combined with
chemical or thermochemical pretreatment (Yousuf et al., 2020). For instance, Wi's group grounded rice
straw with a wet-disk mill to reduce the particle size to 0.7 cm before hydrogen peroxide acetic acid
pretreatment (Wi et al., 2015). Similarly, Ruiz et al. 2008 reduced the particle size to less than 10 mm by
milling sunflower stalks with a hammer mill before steam explosion treatment.

Microwave pretreatment applies heat to break the connection of lignin to the polysaccharides,
facilitating lignocellulose digestibility (Indriani et al., 2021). Parameters such as microwave intensity,
substrate concentration, and irradiation duration are crucial in microwave pretreatment (Ma et al., 2009).
Ma's group found that under optimal conditions, microwave pretreatment significantly improved the
enzymatic digestibility of rice straw. Similar to mechanical pretreatment, microwave radiation is often
combined with other pretreatment methods to enhance the solubility of LCB (Yousuf et al., 2020).

Ultrasounication is another type of physical pretreatment that employs high-intensity ultrasound
to alter biomass structure (Banu J et al., 2021). It is commonly used in pretreating agro-industrial
biomass to produce value-added bioproducts and can be used to treat agricultural biomass to produce
bioethanol (Sabaruddin et al., 2023). Zeynali et al. (2017) demonstrated that ultrasonic pretreatment on

fruit and vegetable wastes can significantly increase the biogas and methane yield.

2.2.2  Chemical pretreatment

The objective of chemical pretreatment such as acid pretreatment and alkaline pretreatment is to
remove lignin and hemicellulose, thereby facilitating cellulose hydrolysis (Adewuyi, 2022). Acids,
alkalis, and organic solvents are used to hydrolyze LCB by disrupting the glycosidic bonds connecting
hemicellulose to cellulose (Guo et al., 2022a). Acid pretreatment involves concentrated or dilute acids.
However, dilute acid pretreatment is more common as it is less corrosive and generates less inhibitors.
This process chemically solubilizes hemicellulose and lignin (Awoyale & Lokhat, 2021), enhancing the
release of fermentable sugars during enzymatic hydrolysis (Nauman Aftab et al., 2019). The acidic
conditions dissolve intra- and inter-chain hydrogen bonds within the amorphous region of cellulose,
enabling more effective enzymatic hydrolysis (Li et al., 2010). Dilute sulfuric acid, at concentrations
below 4 wt%, is the most commonly used method due to its proven effectiveness and cost efficiency
(Kumar et al., 2009). However, nitric acid (Zhang et al., 2010), hydrochloric acid (Yan et al., 2021),
phosphoric acid (Yan et al., 2021), and acetic acid (Wang et al., 2020) are also utilized.

Dilute acid pretreatment employs low concentrated acids (0.75-5 wt%) at high temperatures (120-
200 °C). These conditions promote dissolution of hemicellulose into monosaccharides and partial
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breakdown of cellulose. The exact temperature, reaction time and acid concentration vary based on the
type of biomass being treated (Loow et al., 2016). While dilute sulfuric acid is cost-effective and efficient,
it also produces inhibitory compounds alongside carbohydrate monomers. For instance, treating wheat
straw with 10 dm®m? sulfuric acid at 140 °C for 30 min resulted in an 89% glucose yield and a 47%
xylose yield from subsequent enzymatic hydrolysis, with a small number of inhibitors such as formic
acid, acetic acid, and furfural generated (Rajan & Carrier, 2014). Partial delignification using acid-
chlorite before dilute sulfuric acid pretreatment on poplar wood was found to enhance the subsequent
glucose yield from enzymatic hydrolysis compared to full lignin removal (Sun et al., 2014).

Alkaline pretreatment uses bases like sodium hydroxide, ammonia, and calcium oxide at lower

temperatures (60-85°C) and requires longer residence times (48-192h). Although it results in limited

hemicellulose dissolution, alkaline pretreatment is effective in delignifying biomass (Awoyale & Lokhat,
2021). This method improves the digestibility of residual cellulose and hemicellulose in the pretreated
solid (Mosier et al., 2015). Other chemical pretreatment methods include the use of organosols and ionic
liquids. lonic liguid pretreatment enhances switchgrass digestibility by causing more aggressive structural
disruption, significantly reducing saccharification time (Li et al., 2010).

Pretreatment has limitations in its application and further research is required to enhance the
economic viability of biomass conversion. The chemicals and energy involved in pretreatment add
additional cost to the overall operation of the conversion process (Lim & Wang, 2013). For instance,
pretreating LCB alone can contribute to 40% of the total biofuel production cost (Awoyale & Lokhat,
2021). Moreover, the creation of inhibitory compounds, during pretreatment, that are toxic to microbial

growth also needs to be considered.

2.2.3 Thermochemical pretreatment

Chemical pretreatment modifies the structure of the biomass in the presence of acids, bases, or
solvents whereas thermochemical pretreatment uses heat and pressure to alter the structure of biomass.
Thermochemical pretreatment includes autohydrolysis (hot water wash) and steam explosion that releases
a mixture of monosaccharides and disaccharides (Obergruber et al., 2021). Both methods operate at high
temperature condition.

Autohydrolysis (AH) is also known as hydrothermolysis or hot water extraction that is
particularly effective in breaking down hemicellulose with a high recovery of lignin and cellulose in the
solid fraction of pretreated slurry (Carvalheiro et al., 2016). Additionally, AH does not require any
chemical addition, making AH a popular pretreatment method in fractionating LCB content (Wang et al.,
2020). AH partially dissolves hemicellulose using only water as a reagent. The breakdown of acetyl

groups from beta-(1-4)-linked xylan backbone forms acetic acid, which acts as an additional catalyst for
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the hydrolysis reaction (Giitsch et al., 2012). AH generates mostly oligomeric sugars and minimum
amount of inhibitors in the autohydrolysate liquid. Additionally, AH is cost-effective and more
environmentally friendly then chemical hydrolysis (Chen et al., 2010). This pretreatment method
generally operates at around 160-240°C for a variable amount of time, from mins to several hours
(Nashiruddin et al., 2020). Rigual et al. (2018) conducted an AH at 200 °C for 30 min and achieved the
highest glucan digestivity in E. globulus, a hardwood species. Two distinct streams of products are
obtained from autohydrolysis pretreatment: a liquid phase containing hydrolysable hemicellulose sugars,
and a solid fraction containing mostly cellulose and lignin (Yousuf et al., 2020).

Steam explosion (SE) treats biomass with saturated high-pressure stream followed by a rapid
reduction in pressure to achieve explosive decompression (Hendriks and Zeeman, 2009). The pressure
can range from 0.7 to 4.8 MPa and the operation temperature ranges between 160 °C and 260 °C. This
process can be catalyzed by sulfuric acid, ammonia, sulfur dioxide. SE is effective in partial lignin
depolymerization (Ruiz et al., 2008) and hemicellulose solubilization and minimizes formation of
inhibitors (Basile & Dalena, 2019). Advantages are short reaction time, low energy requirement, no
additional chemicals required (Basile & Dalena, 2019). SE is another frequently used technique to
pretreat LCB (Ruiz et al., 2008). Ruiz et al examined the effect of SE on enzymatic hydrolysis of
sunflower stalks. It was found that maintaining the temperature at 220 °C for 5 min before depressuring
the reactor vessel resulted in the optimal sugar yield in enzymatic hydrolysis. A 72% enzymatic
hydrolysis sugar yield was obtained and the authors suggested this pretreatment condition on sunflower
stalks as a promising method for bioethanol production (Ruiz et al., 2008). SE has its disadvantages:
inhibitors like organic acids, furfural, HMF can be generated (Cantarella et al., 2008). Futhermore, xylan

is partially lost thus reducing the efficiency of pretreatment (Kang et al., 2014).

2.2.4 Biomass-derived inhibitors

Although pretreatment reduces the recalcitrant nature of LCB, depending on the type of
pretreatment and conditions, pretreatment can generate compounds that disrupt enzymatic hydrolysis and
inhibit microbial growth and metabolism in fermentation. Figure 6 illustrates some of the most common
inhibitors generated from lignocellulosic biomass. Inhibitors like 5-hydroxymethylfurfural (HMF), 2-
furaldehyde (furfural), phenolic compounds, formic acid, and acetic acid are toxic to microbial growth.
Some of the xylose and other monosaccharides can be further hydrolyzed into furfural during the
pretreatment process (Mosier et al., 2015). Lou et al studied the effect of inhibitors on clostridial
metabolism. It was found that the presence of lignin-derived phenolic acids and aldehydes in the
fermentation feed significantly decreased the intracellular reducing power (NADH level) and increased
reactive oxygen species concentration leading to a reduction in butanol production in wild type C.
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acetobutylicum ATCC 824 strains (Luo et al., 2021). Additionally, these pretreatment by-products reduce
sugar yield from lignocellulosic material (Jonsson & Martin, 2016). Acetic acid is especially relevant
when considering pretreatment of hardwood biomass because it is formed through hydrolysis reaction of
acetyl groups on xylan that is a major component in hardwood and annual plant hemicellulose (Jonsson &
Martin, 2016; Cho et al., 2011). Jung & Kim found that HMF impacted cellulase catalytic efficiency
during enzymatic hydrolysis of the pretreated lignocellulose. The amount and type of inhibitors generated
vary with the severity of pretreatment and type of biomass feedstock. Cho et al. 2012 reported significant
reduction in total ABE production of C. acetobutylicum when 11.7 g/L of acetic acid was added and in the
presence of 1.0 g/L formic acid, total ABE concentration was reduced to 25%. The growth of C.
acetobutylicum was completely inhibited when furfural concentration reaches 1.2 g/L in the fermentation
medium (Liu et al., 2017). In the presence of furfural or HMF, microbial consumption of xylose and

glucose were delayed (Liu et al., 2017; Liu et al., 2004).
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Figure 6. Degradation pathway of lignocellulose in inhibitor formation. Adapted from Jonsson & Martin. 2016

The toxic effects of inhibitors can be alleviated through a detoxification step, aiming to remove
the inhibitors and enhance the fermentability of the hydrolysate. Detoxification can be done by physical
separation using membranes such as nanofiltration to remove HMF, furfural, and acetic acid (Sun&L.iu,
2012). Other detoxification techniques encompass various methods such as charcoal adsorption (Guan et
al., 2018), overliming (Sun&L.iu, 2012), activated carbon (Zhang et al., 2018), deionized water rinse
(Rajan & Carrier, 2014), enzymatic treatment with laccase or peroxidase, liquid-liquid extraction, liquid-
solid extraction (JOnsson et al., 2013).

Overliming has the advantage in operating cost and is commonly employed to detoxify dilute

acid-pretreated liquid hydrolysate (Sun & Liu, 2012). This method, utilizing calcium hydroxide
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(Ca(OH)) or calcium oxide (CaO) to effectively eliminate undesirable inhibitors like furans and HMF,
may result in a loss of carbohydrates in the hydrolysate (Martinez et al., 2000). Overliming detoxification
involves adding an alkali to elevate the pH of the hydrolysate. After incubation under high pH level, the
pH of the reaction mixture is then lowered to around 6.7, facilitating the removal of precipitates
containing inhibitory compounds (Guan et al., 2018). A combination of overliming and activated carbon
detoxification of poplar prehydrolysate from 1.0% (w/v) sulfuric acid pretreatment, produced a butanol
yield comparable to glucose control C. saccharobutylicum fermentation (Zhang et al., 2018). Sun and Liu
observed a ten-fold increase in biobutanol yield when dilute acid hydrolysate was treated with Ca(OH)-
for detoxification (Sun & Liu, 2012). Additionally, Dou et al. 2021 performed steam explosion on hybrid
willow wood and detoxified the resulting hydrolysate obtained from enzymatic hydrolysis using activated
charcoal. The microorganism, C. acetobutylicum NRRL B-527 produced 8.5 g/L of butanol through

fermentation of the detoxified hydrolysate.

2.3 BIOBUTANOL

The U.S. Energy Information Administration defines biofuels as liquid fuels and blending
components produced from biomass materials (EIA, 2024). Examples of biofuels include bioethanol,
biobutanol, and biodiesel, which can be produced from feedstock such as starchy biomass, LCB and algae
(Sandesh & Ujwal, 2021). Generally, bioconversion of LCB into biofuels is commonly carried out
biochemically with the assistance of enzymes and microorganisms and thermochemically with the aid of
high temperature and chemicals (Yousuf et al., 2020; Inyang et al., 2022). According to Advanced
Biofuels Canada, the expansion of biofuel facilities creates more clean energy-related occupations,
increases the availability of fuel, and helps mitigate GHG emissions (Advanced Biofuels Canada, 2023).
Biofuel refers to fuel produced from renewable sources and can be classified as primary biofuels, which
are fuels derived from the direct combustion of raw materials to provide energy or heating, or as
secondary biofuels, which are obtained through chemical, thermochemical, or biochemical conversion
(Basile & Dalena, 2019)

Among the fuel alcohols used in the transportation sector, butanol is the superior option given that
it performs better as a motor fuel when used in spark-ignition engines (Kukharonak et al., 2017). Due to
its high production cost, biobutanol (CsHyOH) has only recently attracted interest as an alternative
transportation fuel. However, technological advancements are making the biobutanol production process
more cost-efficient, providing biobutanol the potential to surpass bioethanol in production (Kukharonak et
al., 2017). Biobutanol emerges as a promising next-generation biofuel, offering several advantages over
ethanol. Compared to ethanol, biobutanol boasts higher energy content, lower volatility, and a reduced
tendency to absorb moisture. Additionally, with a double number of carbon atoms compared to ethanol,
butanol holds approximately 30% more energy (Ndaba et al., 2015).
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2.3.1 Properties of biobutanol

The molecule butanol exists in 4 isomeric forms: n-butanol, 2-butanol, iso-butanol, and tert-
butanol. Isobutanol is the isomer form for commercial use in transport section due to its more effective
blending potency with gasoline according to the Department of Energy of the USA (Nandhini et al.,
2023). As seen in Table 3, butanol’s physical and chemical properties resemble gasoline more than
ethanol. Butanol has higher calorific value, is less hydrophilic, more compatible with car engines, less
corrosive, and more stable when mixed with gasoline (Liu et al., 2022). Additionally, it exhibits reduced
corrosiveness and is better suited for distribution via current petrol pipelines (Ndaba et al., 2015). Butanol
finds its applications not only as a fuel but also as a solvent in rubber production (Liu et al., 2022), eluent
for chromatography (Liu et al., 2022), extractant (Mahapatra et al., 2017), and plasticizer (Mascal, 2012).

Table 3.Property comparison between gasoline, butanol, and ethanol, adapted from Bharathiraja et al. 2017.

Properties Gasoline Butanol Ethanol
Calorific value (MJ/L) 32.3 30.8 235
Octane index 85-94 87 112 to 114
Oxygen content (%) Close to 0 22 36
Melting point (°C) -57.1t0 -56.6 -89.3 -114
Auto-ignition temperature (°C) 246-280 343-345 422
Solubility in 100g of water immiscible immiscible miscible

2.3.2  Conversion of lignocellulosic biomass to biobutanol

The process of biobutanol production from LCB can be summarized into four main stages:
pretreatment, hydrolysis, fermentation, and purification/separation. Pretreatment is the preliminary step to
reduce the recalcitrant nature of LCB, while hydrolysis converts polysaccharides into monomeric sugars.
Subsequently, fermentation metabolizes sugars into acetone, butanol, ethanol. The final stage involves the
separation/purification process to recover butanol from the fermentation broth.

Following the pretreatment step that exposes cellulose and hemicellulose, enzymatic hydrolysis
further breaks down the polysaccharide fractions into fermentable monomer sugars for microorganisms to
utilize for metabolism. Enzymatic hydrolysis, also known as saccharification, can be performed
simultaneously with fermentation in the same bioreactor (termed simultaneous saccharification and
fermentation - SSF) or separately prior to fermentation (known as separate hydrolysis and fermentation -
SHF) (Pendse et al., 2023). Enzymatic hydrolysis uses glycosyl hydrolases, which include cellulase (e.g.,
endoglucanases, exoglucanases, glucosidases) to breakdown cellulose into glucose molecules and
noncellulosic polysaccharides (e.g., xylanase, mannanases, glucuronidases, xylosidases, mannosidases) to
enable the degradation of the cellulose main chain backbone and side chain constitutes (Vertes, 2010).

The reaction of glucan and xylan with water can be represented as (Kang et al., 2014):
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(CeH1005)n + NH20 — nCeH120¢ (for cellulose)
(CsHgO4)n + NH20 — NCsH100s5 (for hemicellulose)

Most sugars produced from hydrolysis in a hydrolysate are glucose, sucrose, xylose, and
arabinose. Within these carbohydrates, glucose molecules are the preferred carbon source of Clostridia sp.
for biobutanol production (Amiri&Karimi, 2018). The concentration of sugar molecules generated from
hydrolysis varies depending on the type of lignocellulosic feedstock. For example, hydrolysis of
hardwood hemicellulose results in a higher concentration of pentoses, while a higher quantity of hexoses
is observed for softwood hydrolysis (Jénsson & Martin, 2016). A notable advantage of enzymatic
hydrolysis is that it does not generate additional inhibitors (Jegatheesan et al., 2020). Furthermore,
enzymatic hydrolysis operates under mild conditions, resulting in low energy requirements (Jegatheesan
etal., 2020).

On the contrary, enzymatic hydrolysis has its flaws. Despite its low energy requirement for
operation, the high production cost of enzymes contributes significantly to the overall biobutanol
production cost. Since cellulases are used as catalyst, competitive inhibition of the hydrolysis products by
enzymes (e.g., glucose, cellobiose, xylose) limits the effectiveness of hydrolysis. Typically, enzymatic
hydrolysis occurs under mild conditions (temperature of 45-50 °C and pH level 4-5 (Paul & Chakraborty,
2019). To optimize hydrolysis, tight monitoring of operating conditions like pH, temperature,
concentrations of substrate, and enzyme levels is essential. The majority of hydrolytic products from LCB
are composed of glucose and xylose so the efficiency of xylose and glucose conversion is paramount
(Jiang et al., 2014).

ABE fermentation was first introduced for industrial acetone production in the 1910s (Moon et
al., 2016). This process rapidly declined in the 1950s due to the lack of feedstock and competition with
the petrochemical industry. Later, the ABE fermentation gained more attention mostly for the butanol
production during the oil crisis in 1970s (Birgen et al., 2019). ABE fermentation is biphasic process
utilizing bacteria from the Clostridium genus and it can be conducted using three different processes:
batch, fed-batch, or continuous. Clostridial ABE fermentation involves: acidogenesis phase that converts
sugars into acetic acid and butyric acid and solventogenesis phase that produce the solvents (acetone,
butanol, and ethanol) from acids (Buehler & Mesbah, 2016). These bacteria are the commonly used
strains due to their ability to metabolize a variety of carbon sources, including monosaccharides (pentose
and hexose), disaccharides (lactose, sucrose, and cellobiose), and polysaccharide (starch) (Williams et al.,
2015). Clostridium acetobutylicum, Clostridium beijerinckii, Clostridium saccharoperbutylacetonicum,
and Clostridium saccharobutylicum produce higher levels of butanol and are widely employed in research
studies and industrial applications (Lin et al., 2023). An advantage of Clostridial species is that they are

able to utilize multiple carbon sources such as hexose, pentose, disaccharide for fermentation
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(Bharathiraja et al., 2017). The efficiency of sugar utilization (rate of consumption, solvent production
and yield) of C. acetobutylicum from high to low is glucose, arabinose, mannose, xylose and cellobiose
(Jiang et al., 2014). A study conducted by Jiang et al. 2014 examined the effect of pH control on C.
acetobutylicum ATCC 824 fermentation, finding improvements in microbial growth, xylose utilization,
and total solvent production when the pH was controlled between 4.5 to 5.0 compared to uncontrolled pH
(below 4.0 to 5.0) (Jiang et al., 2014). Acetone-butanol-ethanol is produced in a molar ratio of 3:6:1
(Sarangi & Nanda, 2018). Nonetheless, from the perspective of butanol production, the simultaneous
formation of acetone and ethanol limit the production of butanol (Sandesh & Ujwal, 2021).

Figure 7 provides an overview of the biochemical pathway of ABE fermentation. During
fermentation, glucose and xylose are metabolized into pyruvate through distinct pathway. Glucose first
undergoes phosphorylation to glucose-6-phosphate (G6P) and further gets converted into pyruvate via
Embden-Meyerhof-Parnas (EMP) pathway. On the other hand, xylose is converted into fructose-6-
phosphate through the pentose-phosphate pathway (PPP) before being converted into pyruvate. Pyruvate
is then further metabolized into acetyl-CoA and subsequently into solvents (Ndaba et al., 2015). The
utilization of a mixed sugar feed as a substrate for Clostridial fermentation is an efficient method to
sufficiently utilize lignocellulosic material (Birgen et al., 2019). However, a phenomena known as carbon
catabolite repression (CCR) occurs in solventogenic bacteria such as C.acetobutylicum (Delarouzée et al.,
2023), C. tyrobutyricum (Fu et al., 2022), and Clostridium beijerinckii, where the utilization of other
carbohydrates is inhibited in the presence of preferred carbon source such as glucose) (Bruder et al.,
2015). Thus, CCR affects the efficiency of carbohydrate utilization by bacteria when a sugar mixture is
available. With the appropriate fermentation conditions and the right sugar ratio, sugar mixture can be
used effectively to produce ABE. Jiang et al. 2014 elucidated that when the ratio of glucose is lower than
xylose in a glucose/xylose sugar mixture feed for C. acetobutylicum ATCC 824 under a controlled pH
environment, xylose consumption is significantly enhanced. The study concluded that the presence of a
small amount of glucose enhances the xylose utilization and solvent production of ABE. Furthermore, the
CCR effect can be reversed through gene inactivation involved in glucose and xylose metabolism (Fu et
al., 2022).
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Figure 7. ABE fermentation pathway of Clostridia species (Lin et al., 2023).

The final step of biobutanol production is the separation and purification step which recovers
biobutanol from the fermentation broth. The effectiveness of separation is critical for the final yield of
butanol. The low volatility nature of biobutanol (Oh et al., 2021) and the low biobutanol concentration
within the fermentation broth makes the recovery process energy demanding (Karimi et al., 2024). This is
a major limitation to the commercialization of biobutanol production through ABE fermentation (Chen et
al., 2018). Separation by distillation is the most common method to separate products of ABE
fermentation based on the difference in boiling points. However, this method of biobutanol purification is

energy intensive. Other separation methods such as adsorption, gas stripping, membrane distillation,
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vacuum pervaporation, reserve osmosis (Kujawska et al., 2015) and liquid-liquid extraction-assisted
distillation (Sanchez-Ramirez et al., 2018) were explored by the scientific community. A newer and more
environmentally friendly method to separate biobutanol from the fermentation broth is perstraction.
Perstraction is a method of membrane separation technique that transfers biobutanol from an aqueous
phase through a polymeric membrane to an extractant of selection to purify biobutanol (Cabezas et al.,
2022). Liquid extraction using an additional extractant is also an alternative biobutanol recovery method.
This purification technique is less energy demanding but requires careful selection of extractant (Oh et al.,
2021).

2.3.3  Process simulation

Process simulation plays a pivotal role in assessing technical feasibility and estimating costs during
the plant's process design stage. It also facilitates analyses aimed at optimizing operations within existing
plants. Process simulation software falls into two main categories: commercial and open-source. Features
of some of the commonly used software simulators are presented in Table 4. Examples of open-source
simulators include DWSIM, COCO, and ASCEND. The software packages can be downloaded onto a
user’s computer without requiring the purchase of a license. The relevance of open-source platforms

heightened during the pandemic, fostering increased utilization.

Table 4. Comparison of the common process simulation software.

Name of simulator Type Features
Aspen Plus Commercial - dynamic simulation for most processes
- user-defined compounds are available
UniSim Commercial - dynamic simulation for most processes
- user-friendly process design software (Kasani et al.,
2022)
- can conduct steady-state and dynamic simulations
ProSim Commercial - dynamic simulation for 2 processes only
- offers low-cost academic course on the simulator
ChemCAD Commercial - dynamic simulation for most processes

- integrates chemical process simulation with chemical
engineering workflow and process efficiency (Ureta &
Salvadori, 2022)

DWSIM Open-source - user-friendly interface
- can conduct steady-state and dynamic simulations
COCO Open-source - sequential simulation software (Zalazar-Garcia et al.,
2022)
- can conduct steady-state simulation
ASCEND Open-source - solve non-linear systems of equations (ASCEND)
- can conduct steady-state and dynamic simulations
(ASCEND)
OpenModelica Open-source - Modelica language-based simulator
- can conduct steady-state and dynamic simulations
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Contrarily, commercial simulators such as Aspen Plus, Aspen Hysys, ChemCAD, UniSim, among
others, dominate the market. While this software boasts a larger database (Tangsriwong et al., 2020), they
typically entail substantial licensing fees. Notably, open-source simulation software often yields results
comparable to those obtained from commercial simulators. For instance, Tangsriwong et al. 2020
compared simulation results between DWSIM and Aspen Plus in the context of offshore petroleum
production processes, finding consistency with actual plant data.

Similarly, Nayak et al. conducted simulations using OpenModelica and compared the outcomes with
data obtained from DWSIM and Aspen Plus. Their findings revealed agreement in various chemical
processes, including methanol-water distillation, ethylene glycol production from ethylene oxide and
water, and the esterification reaction of acetic acid (Nayak et al., 2019). Omar et al. employed DWSIM to
model the PRICO LNG process, comparing the results with Aspen Plus simulations. The slight deviation
observed in the coefficient of performance (COP) values indicated a comparable performance between
DWSIM and Aspen Plus (Omar et al., 2018).

Moreover, Hassan and Manji successfully simulated combined cycle and gas turbine power plants
using DWSIM, generating results aligned with predictive models. DWSIM, known for its user-friendly
interface and sequential modular structure, possesses the capability to simulate intricate chemical
processes (Chantasiriwan, 2023). For instance, Bahrun et al. 2022 utilized DWSIM to develop a
deodorization process consisting of three stages: pre-stripper, deodorizer, and vacuum scrubber,
effectively removing fatty acids from bleached palm oil.

In this study, the biobutanol production process was simulated using DWSIM version 7.3.2, aligning
with previous studies performed at a laboratory scale. DWSIM is created by Daniel Wagner Oliveira de
Medeiros (Andreasen, 2022). It can be downloaded for free and is compatible with various platforms such
as Windows, Linux, macOS, Android and 10S. In addition to being freely available to the community,
DWSIM’s open-source nature enables research communities and professionals to contribute to the
software development by sharing their simulation work and providing suggestions and solutions to
simulation cases.

Biobutanol production is currently undergoing research and development, with studies conducted
primarily at the laboratory level. Simulation serves as a crucial intermediary, facilitating the transition of
laboratory results to predictions of industrial-scale production. However, despite the wealth of studies
simulating the biofuel production process, there is a notable deficiency in the utilization of open-source
simulators, as previous research heavily relied on commercial counterparts. Additionally, the majority of
research efforts have concentrated on incorporating a singular biomass feedstock or specific sections of
the entire conversion process, such as conducting pretreatment exclusively on one biomass type without

further exploration of the fermentation process, as opposed to considering multiple feedstocks.
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Consequently, comprehensive investigations covering the entirety of the biobutanol production process
are infrequent. Thus, this study was motivated to establish a preliminary simulation research to

demonstrate the feasibility of bioprocess simulation using an open-sourced simulation software.

2.4 Obijectives

This study is designed to achieve three objectives: (1) the primary objective of this study is to
investigate the process modeling feasibility of biobutanol production from a lignocellulosic material using
an open-source simulator, DWSIM, (2) the secondary goal is to evaluate different configurations for
butanol production based on feedstock composition and the type of pretreatment method and compare
biobutanol yield between different feedstocks, (3) the tertiary objective is to predict the biobutanol

production in a plant setting from laboratory-scale results.

2.5  Process description

The overall methodology of this study is illustrated in Figure 8. Further literature review was
conducted to establish a flow diagram outlining the essential steps involved in the biological conversion
from LCB. The resulting flow diagram facilitated the initial development of flowsheet on DWSIM. After
reviewing the settings of DWSIM flowsheet, relevant experimental data was gathered from research
studies. The criteria for selection of literature was focused variety of different category of LCB, employed
autohydrolysis or dilute acid pretreatment, sufficient data to calculate conversion rate for each step and it
needs to conduct the full process from pretreating feedstock to ABE fermentation. The collected
experimental data were then used to develop different configurations. Lastly, results were evaluated and

locations of biobutanol plant sites based biomass availability were suggested.



23

Literature review on biological
conversion of biobutanol

¥

Establish biobutanol production
process flowsheet

P

Flowsheet development

-

Data collection

-

Development of configurations
of varying feedstock and
pretreatment method

«

Evaluation of results

¥

Suggestion of biobutanol plant
location in Canada

Figure 8. Overview of the methodology of the biobutanol production simulation process.

Figure 9 summaries the fermentative biobutanol production process, which can be generally
categorized into the following stages: (1) pretreatment of the biomass feedstock; (2) separation to remove
liquid from the pretreated solid; (3) detoxification to minimize the effect of inhibitors on the subsequent
steps; (4) enzymatic hydrolysis to convert polysaccharides into monomeric sugars (5) fermentation to
metabolize sugars into ABE, acids, and gas; and (6) distillation to recover butanol. Subsequently, a
simulation model was constructed based on the main steps established in Figure 9 and was validated
using experimental data from the literature. Various types of feedstock and pretreatment methods for

biobutanol production were used to development multiple configurations.
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Figure 9. Schematic representation of steps involved in biobutanol production from lignocellulosic biomass.
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3 DWSIM SIMULATION DEVELOPMENT

3.1 Compound selection and creation in DWSIM

As shown in Table 5, not all required compounds are available in the DWSIM compound database.
Hence, the development of the simulation began with the creation of compounds absent in the DWSIM
database. These molecules were generated using the ‘compound creator’ function within the ‘user
compound creation’ tool, utilizing information sourced from PubChem and UNIFAC group assignments
from the Dortmund Data Bank. Figure 10 provides an example of the software interface of the compound
creater function in DWSIM. Each compound was downloaded as a JSON file and was then imported into
DWSIM.

Table 5. List of compounds used in DWSIM model for this simulation.

Compound Molecular Formula Available in DWSIM
Cellulose C1oH11011 x
Xylan C19H1809 x
Lignin C10H1203 x
Acetate C2H30; x
Glucolig C12H22011 x
Xylolig C10H180g x
Lignin soluble C10H1203 x
Glucose CeH1206 v
Xylose CsH100s v
Furfural OC4H3CHO 4
1-butanol CH3(CH3);0H v
Acetone CH3COCH;3 v
N-butyric acid CH3CH,CH,COOH v
Acetic acid CH3COOH v
Water HOH v
Carbon dioxide CO, v
Hydrogen H, v

Cellobiose, xylobiose, and coniferyl alcohol were chosen to represent the three primary components.
Cellobiose served as the representative molecule for cellulose and was denoted as cellulose. Xylobiose
was included and labeled as xylan to portray hemicellulose because xylose is the major component of
hemicellulose. Coniferyl alcohol, being the most prevalent unit in hardwood lignin, was used to represent
lignin within the database.

The primary focus of this simulation was to illustrate the conversion of glucose and xylose to
biobutanol, given that they constitute the major sugar units in cellulose and hemicellulose, respectively.
No reactions were introduced for the other C5 and C6 sugars. Similarly, acetate was added to represent
acetate, ash, and unknown components found in biomass. Glucose-oligosaccharide (glucolig) and xylose-
oligosaccharide (xylolig) were integrated to mimic short-chain polymers to allow simulation of the

generation of polysaccharides during pretreatment and the subsequent conversion of these polymers into
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monomeric sugars during enzymatic hydrolysis. Additionally, soluble lignin was included to represent

inhibitory compounds derived from lignin.

) CompoundCreator1 P

ID |2648 Name |Xylan
D Molecular Structure Constant Properties Temperature-Dependent Properties

CAS Numbe:

Mole Weight 282.24| kg/kmol []

Formula C10H1809

SMILES C1[C@HI([C@@H]([C@H]IC@@H)(O1)O[C@@H]2COC(IC@@F| | Render Molecule = PubChem Editor  http://pubchem.ncbi.nim.nih.gov/edit2 /index.ntm

Chiral
OH
o o}
m,, ",
HO o) HO ; OH
OH
Comments
Input Data Status |No UNIQUAC parameters defined. won't work with UNIQUAC model; View Compound

Figure 10. Example of the compound creation panel on DWSIM for xylan.
3.2 General settings of process units

Raoult’s law was selected as the thermodynamic property package for this process. The
calculation mode for these conversion reactors was set to be isothermic, simulating a constant temperature
condition throughout the reaction duration. For pressure calculation, the inlet average was selected when
multiple streams were combined using a mixer. CS was instrumental in simulating solid/liquid separation
for the pretreated slurry, detoxification, decanter operations, and other compound removal processes.
Finally, shortcut columns were incorporated to simulate the purification of fermentation products through

distillation.

3.3 Data collection

The primary focus of this study lies in analyzing AH and dilute acid hydrolysis while examining
variations in feedstock. During data collection phase, specific information needs to be extracted from
literature to aid in the development of flowsheets. This includes: (1) feedstock composition, (2) operating
conditions for pretreatment, (3) prehydrolysate sugar composition, (4) enzymatic hydrolysis conditions,

(5) hydrolysate sugar concentration. Autohydrolysis and dilute acid pretreatment were the targeted
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pretreatment methods in data collection from literatures as they are the commonly employed pretreatment
methods for lignocellulosic feedstock (Lee et al., 2010). One of the challenges during the literature
research process was identifying research papers that provided a comprehensive dataset encompassing all

aspects, particularly detailed information for the pretreatment phase.

3.4  Assumptions

Several assumptions were considered during the flowsheet development in DWSIM: i) The
feedstock compositions reported in literature varied considerably. Lignocellulose composition was
presented either in terms of cellulose, hemicellulose and lignin percentages or as carbohydrate mass
percentages (e.g. glucan, xylan, arabinan, mannan, galactan). When the lignocellulose composition is
presented in the cellulose, hemicellulose and lignin format, it was assumed the entire mass of
hemicellulose consisted of xylan and cellulose is composed of cellubiose; ii) Some studies implemented
simultaneous saccharification and fermentation (SSF). To ensure consistency, separate conversion
reactors were used for saccharification and fermentation instead of combining them into a single reactor.
iii) As previously discussed, Clostridial species exhibit carbon catabolite repression (CCR) when
fermenting mixed sugar. In the fermentation reaction setup, it was assumed that the conversion of xylose
into fermentation products was as efficient as that of glucose.; iv) In instances where specific data for
certain compounds during pretreatment was not provided in the literature, it was assumed that no
conversion of these compounds occurred. and v) Most studies involved physical pretreatment methods

such as chipping and milling, which were not integrated into the flowsheet during the modeling process.
3.5 Flowsheet development for biomass conversion modelling

3.5.1 Operating units

The flowsheet development was connected through streams and various units. Conversion reactor
(CR), module illustrated in Figure 11 was essential for the development of this simulation. The CR was
involved in modeling pretreatment, enzymatic hydrolysis, and fermentation processes. It was utilized to
facilitate chemical and biochemical reactions, characterized by the conversion of reactants as a function
of temperature. The setting for CR allows for specifying the percentage conversion of the limiting reagent
with respect to temperature, as determined by the user. CR in DWSIM had two product streams by
default.
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0.00 kw

Figure 11. Conversion reactor unit with inlet and outlet streams and an energy stream.

Compound separator (CS) module, visualized in Figure 12 was chosen to model liquid/solid
separation after pretreatment and detoxification to remove inhibitors. The setting enables users to specify

the percentage of compounds within one inlet stream.

0.00 kw

Figure 12. Compound separator with inlet and outlet streams and an energy stream.

Shortcut column module (Figure 13) was used specifically in the last step of the production

process, separation and purification of biobutanol through distillation.
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Figure 13. Shortcut column used in this simulation.

Other ancillary units (Figure 14) involved are stream mixers, coolers, heaters. Stream mixer was
employed to simulate the combination of biomass and water or dilute acid solution. This unit was used

when the entirety of the products in both outlet streams needed to be collected for further processing.
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Heaters and coolers were used to represent change in the operating conditions such as increase and

decrease in temperature.

® ©

Stream mixer Heater Cooler
Figure 14. Ancillary units used in this simulation.

3.5.2 Reaction sets

The conversion process is divided into three reaction sets: (a) reactions for pretreatment that
convert a portion of hemicellulose and cellulose into monomers and oligomers, (b) enzymatic hydrolysis
to break down oligomers into their monomeric form, and (c) reactions that metabolize C5 and C6 sugars
into fermentation products, modeling Clostridium saccharobutylicum metabolism.

The percent conversion in pretreatment reactions was calculated based on the experimental data
from the literature. Reactions converting xylan into furfural and acetic acid, as well as lignin into lignin
soluble, were included to represent the generation of inhibitors. The generation of glucolig, glucose,
xylolig and xylose were included in the pretreatment because some cellulose and hemicellulose are
hydrolyzed into monomeric sugars and sugar oligomers. However, literature lacked sufficient
experimental data to calculate conversion for certain compounds. For instance, Amiri and Karimi's paper
in 2015 (used in the development of configuration 2) primarily focused on the generation of sugars in the
liquid hydrolysate after autohydrolysis, without presenting data regarding inhibitory compounds.
Therefore, data was lacking in this aspect.

In terms of enzymatic hydrolysis reactions, a total of four reactions were considered to represent
the breakdown of the pretreated solid or prehydrolysate liquid via enzymatic hydrolysis. Reactions of
cellulose and xylan represented the hydrolysis of pretreated solid, while the conversion of glucolig and
xylolig into monomers were used to represent enzymatic hydrolysis of the liquid. However, due to
variations in enzymatic hydrolysis methods, glucolig and xylolig conversion were only included when the

liquid prehydrolysate was involved in the enzymatic hydrolysis.

3.5.3 Flowsheet development

Six distinct flowsheet configurations were developed, each distinguished by factors such as
feedstock composition, pretreatment conditions, and feed for enzymatic hydrolysis. In configuration one,
the approach involved simultaneous saccharification and fermentation of charcoal-detoxified hybrid

poplar liquid hydrolysate. EImwood was used for configuration two, undergoing autohydrolysis



30

pretreatment, followed by enzymatic hydrolysis of the solid. The resulting hydrolysate was then used for
fermentation. Both configurations three and six used switchgrass as the feedstock, employing similar
operating conditions for pretreatment and SSF, differing pretreatment methods; configuration three used
autohydrolysis, while configuration six used dilute acetic acid pretreatment. Configuration four entailed
the dilute sulfuric acid pretreatment of wheat straw, followed by enzymatic hydrolysis of the pretreated
solid. Finally, configuration five involved dilute sulfuric acid treatment of pulp and paper side-stream,
followed by SSF of the resulting pretreated solid.

The conversion rates for each reaction in pretreatment and enzymatic hydrolysis are summarized
in Table 6.

Table 6. Chemical reactions and extent of reactions in percentage for pretreatment and enzymatic hydrolysis in each
configuration. Cellulose and xylan conversion signify the hydrolysis of pretreated solid. Glucolig and xylolig conversions were
included when the liquid prehydrolysate was utilized for enzymatic hydrolysis. References: * Guan et al. 2018. 2 Amiri & Karimi,
2015. 3 Wang et al. 2019. * Rajan & Carrier, 2014. 5 Sander et al., 2020. ® Wang et al. 2019.

Config 1!  Config 2?2  Config3®  Config 4* Config 5° Config 6°
Pretreatment Reactions

Cellulose + H,0 - Glucolig 4.07 % 19.15% 10.96 % n/a 0% 11.8%
Cellulose + H,0 - 2 Glucose 15% 7.3% 2.8 % 3% 0% 4.49 %
Xylan + H,0 — Xylolig 32.86 % 1.76 % 36.98 % n/a 0% 49.48 %
Xylan + H,0 — 2Xylose 6.5% 12.3% 3.1% 45.13 % 0% 417 %
Xylan + H,0 — 5H,0 + 2 Furfural 19% n/a 3.65 % n/a 1.3% 4.17 %
Xylan + H,0 — 5Acetic acid 10.16 % n/a 125 % n/a 0.19% 279 %
Lignin — Lignin soluble 2.255 % n/a 27.4% n/a n/a 255 %
Enzymatic Hydrolysis Reactions
Cellulose + H,0 — 2Glucose - 96.1 % 7.7 % 89.25 % 47 % 1%
Xylan + H,0 - 2 Xylose - 26.7 % 78 % 47.18 % 30 % 78 %
Glucolig + H,0 — Glucose 77.7% - 77.7% - - 71%
Xylolig + H,0 — Xylose 38 % - 78 % - - 78 %

For fermentation reactions, the chemical reactions and extent of reactions described by Meramo-
Hurtado et al. 2021 (Table 7) were used for all configurations. This consistency provides more accurate
comparison of the amount of butanol produced from different feedstock and pretreatment methods. The
fermentation reactions were chosen to convert glucose and xylose because the two monosaccharides are

the major sugar components in a lignocellulosic hydrolysate.
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Table 7. Fermentation reactions and % conversion (Meramo-Hurtado et al. 2021).

Fermentation Reactions Conversion (%)
Glucose — Butanol + 2C0, + H,0 57
Glucose + H,0 — Acetone + 3 CO, + 4H, 27.4
Glucose — 2 Ethanol + 2 CO, 74
Glucose — Butyric acid + 2C 0, + 2 H, 4.3
Glucose — 3 Acetic acid 3.2
6 Xylose — 5B utanol +10 CO, + 5 H,0 50.0
Xylose — Acetone +2 C0, + 2 H, 30.0
3 Xylose — 5 Ethanol + 5 CO, 15.0
2 Xylose — 5 Acetic acid 1.0

The flowsheet begins with a mixer combining either water stream or a dilute acid stream with
biomass feedstock stream to achieve the desired solid to liquid ratio (SLR). The resulting stream is then
heated with a heater to obtain the desired temperature for pretreatment before feeding into the conversion
reactor. After the reactor, the pretreated slurry stream is then fed into a cooler to reduce the temperature to
25 °C. A compound separator is used to simulate the separation of prehydrolysate liquid and preteated
solid.

Detoxification was represented by adding a CS unit to separate inhibitory compounds from the
prehydrolysate liquid.

In enzymatic hydrolysis, the common practice involves discarding the prehydrolysate liquid that
typically lacks a sufficient sugar content for effective fermentation (Wang et al., 2019) and focusing
solely on treating the pretreated solid, which harbors the bulk of polysaccharides. However, it is possible
to hydrolyze both solid and liquid phases or just the prehydrolysate liquid for further fermentation. This
study encompasses all these scenarios. Depending on the methodology of the study, the flowsheet
incorporated streams from i) liquid prehydrolysate, ii) pretreated solid, or iii) a combination of both into
the conversion reactor for enzymatic hydrolysis. Notably, conversions of glucolig and xylolig were only
included when the prehydrolysate liquid was part of the enzymatic hydrolysis process.

The output stream from enzymatic hydrolysis was fed to a compound separator to create a stream
containing only glucose, xylose, and water for fermentation. Before distillation, fermentation gases and
acids were separated from the fermentation products.

For the recovery and purification of butanol from the fermentation broth, three shortcut modules
were utilized to represent distillation columns, and a separator was employed as a decanter. The order of
product separation was determined based on the boiling point of the fermentation products. At
atmospheric pressure and temperature of 364.6 K, 1-butanol forms a heterogeneous azeotropic complex
with water with a composition of 76.33 mol % water (Luyben, 2008). Kujawska et al. 2015 detailed the

conventional ABE separation via distillation. An azeotrope represents a mixture of two liquids
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maintaining a constant mole fraction composition in the vapor phase (Anderson, 2012) and cannot be
separated by a conventional distillation (Baral et al., 2016). The presence of azeotropes involving butanol
and water in the fermentation broth necessitates a decanter unit to disrupt these interactions. Because the
azeotrope formed between water and n-butanol is heterogenous, a two-column distillation is used for
separation. In addition to azeotropic distillation, membrane distillation, reverse osmosis, and extractive
distillation are also possible method to separate water from biobutanol (Gai et al., 2018).

The distillation process for ABE product recovery was elucidated by Kujawska et al. 2015.
Initially, the material stream containing solvents and water underwent distillation to extract acetone,
achieving a high removal percentage of 99.5 wt%. The resulting stream then underwent a second
distillation to remove a fraction of ethanol from the mixture. Subsequently, a decanter was introduced to
disrupt the azeotropic interactions within the butanol-water mixture. The decanter generated a butanol-
rich stream (comprising 23 wt% water) and a butanol-lean stream (containing 9.5 wt% butanol). The
butanol-rich stream was further processed in a column for the final purification of butanol. The simulation
input for distillation is facilitated by the boiling point differences between fermentation products listed in
Table 8.

Table 8. Boiling point of fermentation products (Basile & Dalena. 2019).

Compound Boiling point (°C; at 1.013 bar)
Acetone 56.14
Ethanol 78.31
n-Butanol 117.8
Water 100.0
Acetic acid 118.0
n-Butyric acid 163.3

3.6 Model validation
The results from DWSIM were compared against experimental data obtained by Amiri & Karimi,

who conducted autohydrolysis on elmwood at 180 °C for 60 min by mixing 40 g of biomass and 400 g of
deionized water (1:10 SLR) in a high-pressure stainless-steel reactor. The prehydrolysate liquid was
separated from pretreated slurry through cheesecloth. Enzymatic hydrolysis was done on the pretreated
solid. The resulting hydrolysate, containing 13.2 g/L of C6 sugars and 5.0 g/L C5 sugars was then
fermentated by C. acetobutylicum NRRL B-591.

In the flowsheet, the feedstock composition used for elmwood was 51.8% cellulose, 22.7% xylan,
25.1% lignin and 0.4% acetate (Amiri & Karimi, 2015). The mass flow of the biomass stream was 40
kg/h and it was mixed with 400 kg/h of water to reflect the 1: 10 SLR. The mixed stream was then heated

to 180 °C. The heated stream was sent to the RC for autohydrolysis reaction. The output streams from
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autohydrolysis were combined and the resulting stream was then introduced into a cooler and a CS to
model separation of liquid from solid. The majority of water was incorporated into the solid stream from
the CS and was then heated to 45 °C to reflect the operating conditions of enzymatic hydrolysis. The
stream was fed to a cooler and CS to obtain a stream containing glucose, xylose, and water, which was
then fed to fermentation reactors. The fermentation products, butyric acid, acetic acid, carbon dioxide,
hydrogen gas, and some water were removed using CS before distillation.

The conversation percentage for each of the reaction in the setting was calculated from the data
provided by the literature. For model validation, the concentration of compounds in prehydrolysate liquid,
sugar feed for fermentation, and ABE products in g/L in the material streams were compared against the
data presented in the paper. As shown in Table 9, the concentration of compounds on DWSIM were

similar to the values provided in the reference.

Table 9. Data comparison between flowsheet results from configuration 2 and experimental data presented by Amiri and Karimi
(2015).

Component Prehydrolysate Liquid Reference
Concentration (g/L)
Glucose 3.6 3.8
Xylose 2.7 2.8
Glucolig 9.0 10
Xylolig 0.36 1.0
Sugar feed for Fermentation (g/L)

Glucose 14.2 13.2
Xylose 2 5
Fermentation product (g/L)

Butanol 4.7 4.4
Ethanol 0.9 0.5
Acetone 1.8 1.8

ABE 7.4 6.7
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4 RESULTS

This section presents the results obtained from DWSIM for each configuration, detailing a
flowsheet for each feedstock/pretreatment combination. First, the variation in feedstock composition is
discussed, followed by a comparison of fermentation product concentrations between configurations. To
evaluate biobutanol production between different feedstocks and to obtain a more comprehensive
representation of butanol production at industrial level, the final mass flow of butanol was compared by

increasing the initial mass flow of biomass to 4000 kg/h.

4.1 Feedstock
Many studies have been conducted to investigate the optimal pretreatment conditions for a specific

LCB feedstock (Lima et al., 2013; Pu et al., 2011; Li et al., 2019; and Nitsos et al., 2016). Different
feedstocks were examined to further explore the effectiveness of DWSIM in simulating biobutanol
production. The data were gathered from various references focused on either autohydrolysis or dilute
acid pretreatment on the LCB material. A diverse feedstock was selected to encompass the variety of
feedstock: woody biomass, agricultural biomass, and waste biomass. In this study, a total of six
configurations were created in DWSIM with different feedstock composition as detailed in Table 10.

Configuration one involved the use of hybrid poplar as the feedstock that was pretreated by
autohydrolysis. Configuration two utilized elmwood, a hardwood species, which also underwent
autohydrolysis. Both configuration three and six utilized switchgrass as a feedstock. Configuration three
employed autohydrolysis as the pretreatment method, while configuration six incorporated acetic acid
pretreatment for switchgrass. Notably, configuration five involved the utilization of wheat straw as a

feedstock.

Table 10. Feedstock composition of each lignocellulosic material used in the simulation.

Compound Hybrid poplar Elmwood Switchgrass Wheat straw Side stream
(Config 1) (Config 2) (Config 3 & 6) (Config 4) (Config 5)
Cellulose 45.4 % 51.8 % 35.6 % 38.4% 61.26 %
Xylan 19.2% 22.7% 19.2% 19.7 % 75%
Lignin 275% 25.1% 22.6 % 16.9 % 19.01 %
Acetate 7.9 % 0.4 % 22.6 % 25% 12.23 %

4.2 Flowsheet configurations

Six configurations were developed based on the data reported in literature. The parameters used for
each configuration are outlined in Table 11 and were used for the development of each configuration.
These configurations encompassed three pretreatment methods: autohydrolysis, dilute sulfuric acid, and

dilute acetic acid.
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Parameter Configuration 1 Configuration2  Configuration 3 Configuration 4 Configuration 5 Configuration 6
Feedstock Hybrid poplar Elmwood Switchgrass Wheat straw Pulp and paper Switchgrass
side stream
Pretreatment AH AH AH Dilute sulfuric acid Dilute sulfuric Dilute acetic
method acid acid
Pretreatment SLRof 1:5 at SLR of 1:10 at SLR of 1:10 at SLR of 1:10 at SLR of 1:10 at SLR of 1:10 at
conditions 170 °C for 60 180 °C for 60 170 °C for 10 140 °C for 30 min 180 °C for 10 min 170 °C for 10
min min min with 10 dm3/m3 with 0.2% sulfuric ~ min with 3 g/L
sulfuric acid acid acetic acid
Solid/liquid Vacuum Cheesecloth Vacuum Centrifugation Vacuum filtration ~ Vacuum
separation filtration filtration filtration
Enzymatic Prehydrolysate Treated solid Both Treated solid Treated solid Both
hydrolysis prehydrolysate prehydrolysate
and solid and solid
Hydrolysis 36°C 45°C 30°C 50 °C 30°C 30°C
temperature
Hydrolysis SSF SHF SSF Saccharification SSF SSF
method only
Detoxification Charcoal Not specified Activated Water wash Not specified Activated
adsorption carbon carbon
adsorption adsorption
Microbe C. C. C. Not specified C. acetobutylicum  C.
acetobutylicum acetobutylicum saccharoperbut DSM 1731 saccharoperbut
ATCC 824 NRRL B-591 ylacetonicum ylacetonicum
Unused material ~ Pretreated solid ~ Remaining Remaining Remaining Remaining Remaining
stream unconverted unconverted unconverted solid unconverted solid  unconverted
solid solid solid
Reference Guanetal. 2018 Amiri & Wang et al. Rajan & Carrier, Sander etal. 2020  Wang et al.
Karimi, 2015 2019 2014 2019
4.2.1 Configuration 1 — Autohydrolysis on hybrid poplar wood

Configuration 1 (Figure 15) involved the mixing of 50 kg/h of hybrid poplar, with a mass fraction

of the stream input consisting of 45.4% cellulose, 19.2% xylan, 27.5% lignin, and 7.9% acetate, with

250 kg/h of water in a mixer, MIX-101. Subsequently, the resulting stream with a mass flow of 300 kg/h

was heated to an outlet temperature of 170 °C. This heated stream was then introduced into R-101, where

pretreatment reactions took place. In R-101, 4.07% of cellulose was converted into glucolig, 1.5% of

cellulose into glucolig, 32.9% of xylan into xylose. In addition, 6.5% of xylan into furfural, 10.2% of

xylan into acetic acid and 2.26% of lignin was converted into soluble lignin to represent the formation of

inhibitory compounds. The output streams from R-101 were combined in MIX-102 because products are

generated in both streams, followed by cooling to 25 °C. CS was employed to separate the solid

components (cellulose, xylan, lignin, acetate) from the pretreated slurry. CS produces a solid and a liquid
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stream and only the liquid stream was further utilized in the configuration. The resulting stream (labeled
as 09-Prehydrolysate) was then directed to V-102, where 14.2% of glucolig, 90.3% of soluble lignin,
3.6% of xylolig, 14.2% of glucose, 3.6% of xylose, 43.2% of acetic acid, and 66.7% of furfural were
removed from the liquid, yielding detoxified stream 11. This step emulates detoxification by charcoal
adsorption.

R-102 and R-103 were utilized to represent the conversion of xylolig to xylose at a conversion
rate of 38% and glucolig to glucose at a conversion rate of 77.7%, respectively. Stream 17 exiting R-103,
and containing monomers, oligomer, sugars and the remaining inhibitory compounds was cooled using E-

104 to a temperature of 25 °C, resulting in stream 18. Stream 18 was subsequently passed through V-103

to obtain a stream containing glucose, xylose, and water prior to the fermentation reactions in R-104 and
R-105, as detailed in Table 7. Notably, the composition of stream 25 consists of 9.5 g/L of butanol, 4.7
g/L of acetone, 2.9 g/L of ethanol, 0.77 g/L of acetic acid, and 0.31 g/L of butyric acid. It is essential to
highlight that the ABE concentration in stream 25 reflects a production ratio of 3 parts acetone, 6 parts
butanol, and 1 part ethanol. V-104 and V-105 were used to remove butyric acid, acetic acid, carbon
dioxide, hydrogen gas, glucose, and xylose from the fermentation products before distillation.

The 28-ABE, water stream was fed into T-101 to remove acetone in the distillate stream by
setting acetone as the light key compound. The bottom stream was then directed to T-102 to remove
ethanol in the distillate stream. Stream 33, the bottom stream, was introduced into VV-106 to simulate a
decanter, disrupting the azeotropic mixture between butanol and water. VV-106 was set to generate a
butanol-rich stream and a butanol-lean stream. The butanol-rich stream is composed of 23 wt% water and

77 wt% butanol, which was processed in T-103 to purify butanol.
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Figure 15. Flowsheet for configuration one modelling biobutanol production using hybrid poplar as feedstock and pretreated
through autohydrolysis.

4.2.2 Configuration 2 — Autohydrolysis on elmwood

Configuration two (Figure 16) begins with a stream of elmwood with a mass flow of 40 kg/h
consisting of 51.8% cellulose, 22.7% xylan, 25.1% lignin, and 0.4% acetate was mixed with a mass flow
of 400 kg/h water. The resulting combined stream, with a mass flow rate of 440 kg/h was then subjected
to heating at 180 °C. Subsequently, this heated stream was introduced into R-101, where pretreatment
reactions occurred. In R-101, 19.2% of cellulose was converted into glucolig, 7.3% of cellulose into
glucose, 1.76% of xylan into xylolig, 12.3% xylan into xylose, 1% of xylan into furfural, and 1% of xylan
into acetic acid. Additionally, 1% of lignin was converted into soluble lignin. The output streams from R-
101 were mixed to collect products in both output streams. The merged stream, referred to as stream 07
was then cooled to 25 °C.

To further process the components, V-101 was employed to separate cellulose, xylan, lignin,
acetate into the solid stream, while the remaining portion was designated as 09-Prehydrolysate. Only the
solid stream is heated to 45 and subsequently introduced into R-102 for enzymatic hydrolysis. In R-102,
cellulose was converted into glucose at a rate of 38.44%, and xylan into xylose at a rate of 10.68%.
Stream 13 was cooled to 25 °C using E-104, resulting in stream 14. Stream 14 was then directed through

V-102 to generate a stream containing only glucose, xylose, and water for the fermentation reactions in R-
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103 and R-104. The specifics of these reactions and their respective conversion percentages are detailed
in Table 7.

In stream 21, the composition of solvents and acids are as followed: 4.96 g/L of butanol, 1.96 g/L
of acetone, 0.96 g/L of ethanol, 0.63 g/L of acetic acid, and 0.40 g/L of butyric acid. V-103 was employed
to separate butyric acid, acetic acid, carbon dioxide, hydrogen gas, glucose, and xylose from the
fermentation products before undergoing distillation. The 22-ABE, water stream was fed into distillation
column T-101 to separate acetone into the distillate stream. The residual stream, denoted as stream 24 was
then introduced into T-102 to remove ethanol in the distillate stream. Stream 26 is processed through V-
104, yielding the 27-Butanol-rich stream with a mass fraction of approximately 77% of butanol and 23%

of water. Finally, the butanol-rich stream is fed into T-103 to purify biobutanol.
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Figure 16. Flowsheet for configuration two modelling biobutanol production using elmwood as feedstock pretreated through
autohydrolysis.

4.2.3 Configuration 3 — Autohydrolysis on switchgrass

The biobutanol production utilizing switchgrass as a feedstock is represented in Figure 17. The
mass flow input for 01-Switchgrass was 10 kg/h, with a mass fraction of 35.6% cellulose, 19.2% xylan,
22.6% lignin, and 22.6% acetate. This stream was mixed with a mass flow of 100 kg/h water, and the

resulting mixture was subjected to heating to attain a temperature of 170 °C. Subsequently, the heated
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stream was fed to R-101 for autohydrolysis pretreatment. In R-101, the following reactions occurred:
10.0% of cellulose was converted into glucolig, 2.8% of cellulose into glucolig, 36.0% of xylan into
xylolig, 3.1% xylan into xylose, 3.65% of xylan into furfural, and 12.5% of xylan into acetic acid.
Moreover, 27.4% of lignin was converted into soluble lignin. The two outlet streams from R-101 were
combined into stream 07 to collect all products, which was then subsequently cooled to 25 °C.

The separation of cellulose, xylan, lignin, acetate into the solid stream was achieved using V-101,
with the remainder designated as stream 09-LPF. The 09-LPF stream was fed into VV-102 to separate some
inhibitors and sugar to model activated carbon adsorption detoxification. The amount of compound
separated was calculated based on the experimental data presented in the literature. The detoxified stream
was then combined with the solid fraction, heated to 50 °C and fed to R-102. In R-102, cellulose and
glucolig was converted into glucose at a 77.7% conversion rate. R-103 subsequently converted xylan and
xylolig into xylose at a rate of 78%.

The output stream from R-103, stream 18 was cooled to 25 °C, resulting in stream 19. Stream 19
was then directed through V-103 to generate a stream containing only glucose, xylose, and water for
fermentation reactions in R-104 and R-105, with specific conversion percentages detailed in Table 7.
Fermentation products in stream 26 included 4.96 g/L of butanol, 1.96 g/L of acetone, 0.96 g/L of
ethanol, 0.63 g/L of acetic acid, and 0.40 g/L of butyric acid. V-104 and V-105 were used to produce the
30-ABE, water stream containing solvents and water.

The 30-ABE, water stream was introduced into distillation column T-101 to separate acetone into
the distillate stream. The remaining stream, denoted as stream 32, underwent ethanol removal in T-102.
Stream 34 was then processed through V-106, resulting in the 27-Butanol-rich stream with a mass
fraction of approximately 77% of butanol and 23% of water. Finally, the butanol-rich stream is fed into T-

103 for the purification of biobutanol.
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Figure 17.Flowsheet for configuration 3 modelling biobutanol production using switchgrass as feedstock and pretreated through

autohydrolysis.

4.2.4  Configuration 4 — Dilute sulfuric acid pretreatment on wheat straw

In configuration 4, dilute sulfuric acid pretreatment of wheat straw was employed to produce

biobutanol. The flowsheet for this configuration is visualized in Figure 18. A stream of 10 kg/h wheat

straw stream consisting of 38.4% cellulose, 19.7% xylan, 16.9% lignin, and 25% acetate was mixed with

a dilute sulfuric acid stream containing 99 % mass fraction of water and 1% mass fraction of sulfuric acid.

The resulting combined stream, stream 03 underwent heating to generate stream 04, which was then

directed to R-101 for pretreatment reactions. In R-101, cellulose to glucose at 3% conversion xylan was

converted to xylose at 45.1%, xylan to furfural, xylan to acetic acid, and lignin to lignin soluble at 1%.

Streams 05 and 06 were mixed, cooled and subsequently fed in to VV-101, which served to separate the

liquid from solid components.
To achieve enzymatic hydrolysis of the solid fraction only, stream 10-solid was heated to a

temperature of 50 °C. Stream 11 was then introduced into R-102 to hydrolyze 89.3% of cellulose into

glucose and 47.2% of xylan into xylose. All materials exiting R-102 were consolidated into stream 13,

which was cooled down to room temperature and directed to VV-102. VV-102 produced stream 16

comprising only glucose, xylose, and water, intended for fermentation. This stream was subsequently fed

into R-103 for fermentation, and the outlet stream, stream 19 was fed into VV-103 and V-104 to isolate

solvents and water from other compounds. The resulting 23-ABE, water stream is then fed into T-101 to
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separate acetone out of the mixture. Then ethanol is removed in T-102. VV-105 produced butanol-rich and

butanol-lean streams. Finally, T-103 column was utilized to purify butanol from the butanol-rich stream.
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Figure 18. Flowsheet modelling biobutanol production using wheat straw as feedstock and pretreated through dilute sulfuric acid.

4.25 Configuration 5 — Dilute sulfuric acid pretreatment on pulp and paper side-stream

In configuration 5, dilute sulfuric acid pretreatment was applied on pulp and paper sides-tream
waste to produce biobutanol. The pulp and paper side stream was combined with a dilute sulfuric acid
stream containing 2% sulfuric acid and 98% water. The resulting stream was then fed into a heater to heat
the stream to 180°C. This heated stream was directed into R-101 for pretreatment reactions. Streams 05
and 06 were combined to consolidate all pretreatment products. The resulting combined stream was
cooled to 25 °C and then introduced into V-101 to facilitate the separation of liquid from solid
components. The solid fraction underwent heating and was introduced into R-102 for enzymatic
hydrolysis reactions, resulting in the conversion of 47% of cellulose to glucose and 30% of xylan to
xylose.

R-102 produced two outlet streams: 12 and 13. However, only stream 13 contained contents and

was subsequently cooled and directed into VV-102 to produce stream 16, consisting solely of glucose,
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xylose, and water. This stream was then heated to 37 °C and introduced into R-103 for fermentation
reactions. Fermentation reactions are detailed in Table 7. The output stream from R-103, stream 19,
underwent separation in VV-103 to eliminate unconverted sugars, gases, and acids, leaving stream 20
containing only water and solvents.

For further separation by distillation, stream 20 was fed into T-101 to initially separate acetone
from the mixture. Subsequently, the remaining stream was introduced to T-102 to remove ethanol in the
distillate stream. Stream 24 was then directed into V-104, simulating a decanter and producing a butanol-
rich stream and a butanol-lean stream. Finally, the butanol-rich stream underwent purification in T-103,
representing the final stage of butanol separation and purification.
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Figure 19. The flowsheet modelling biobutanol production using pulp and paper side-stream as feedstock and treated through
dilute sulfuric acid.

4.2.6  Configuration 6 — Dilute acetic acid pretreatment on switchgrass

As illustrated in Figure 20, the flowsheet for configuration 6 models the process of biobutanol
production from acetic acid-pretreated switchgrass. A 10 kg/h of switchgrass stream consisting of 35.6%
cellulose, 19.2% xylan, 22.6% lignin, and 22.6% acetate, was mixed with a 100 kg/h of 3 g/L acetic acid
comprised of 0.3% of acetic acid and and 99.7% of water. The resulting combined stream was heated to

170 °C and directed into R-101 for pretreatment reactions. The pretreatment reactions that took place in
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R-101 are as followed: 11.8% of cellulose converted to glucolig, 4.49% to glucose, 46.0% of xylan into
xylolig, 4.17% of xylan into xylose, 4.17% of xylan into furfural, 27.9% lignin into soluble lignin, 12.5%
of xylan into acetic acid.

The resulting outlet streams, denoted as stream 05 and 06, were combined to consolidate all the
products, resulting in stream 07. This combined stream was cooled to 25 °C and fed to V-101 to separate
prehydrolysate liquid (09-LPF) from solid (10-SCF). The 09-LPF stream underwent processing in V-102
to remove certain inhibitors and sugars, producing a detoxified stream, which was then combined with
10-SCF into stream 13-SCF and LPF. This combined stream was heated to 50 °C and then fed into R-102,
converting 78% of xylan and 78% of xylolig to xylose. The stream is then introduced to R-103 converting
71% of cellulose and 71% of glucolig into glucose.

After enzymatic hydrolysis in R-102 and R-103, stream 18 was cooled to 25 °C and fed into V-
103 to isolate glucose, xylose, and water into stream 21. This stream was then heated to 30 °C and fed
into R-104 for fermentation reactions. The chemical reactions and extent of reactions for fermentation are
described in Table 7. The output stream of R-104, stream 24 was introduced into VV-104 to remove
unconverted sugars, acids, gases, and most of the water. The remaining solvents and water stream was
further processed to extract butanol from solvents and water.

This stream was first introduced to T-101 to remove acetone. Subsequently, the remaining stream
was fed into T-102 to extract ethanol into the distillate stream. The residual stream from T-102 was
subjected to V-105 to obtain a butanol-rich and a butanol-lean stream. The butanol-rich stream with 23
wt% water and 77 wt% butanol underwent final purification in T-103, resulting in purified 34-Butanol

stream.
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Figure 20. Flowsheet modelling biobutanol production using switchgrass as feedstock and pretreated through dilute sulfuric acid.

4.2.7 Fermentation products

Figure 21 shows the product concentration (in g/L) in the outlet stream from the fermentation RC
for each configuration. It is observed that the butanol, acetone, and ethanol concentrations were relatively
comparable across all configurations, except for configuration one and two, which displayed a
significantly lower value. These two configurations were reviewed to investigate the discrepancy.
Configuration one is the only one that uses liquid prehydrolysate alone to proceed with enzymatic
hydrolysis and fermentation, which means it has a low availability of fermentable sugars and resulting in
a lower concentration of ABE. As for configuration two, low enzymatic conversion rate (cellulose to
glucose conversion rate of 38.44%, and xylan into xylose conversion rate of 10.68%) could contribute to
the low product yield. It is noted that the ratio of solvents roughly follows the 3:6:1 acetone-butanol-
ethanol ratio. Configuration three, which employed autohydrolysis to pretreat switchgrass, had the highest
performance in ABE conversion because it had a wealth of sugars for fermentation. Configuration three
utilized both prehydrolysate sugars and the pretreated solid for hydrolysis and fermentation. Additionally,
this configuration had a high enzymatic hydrolysis rate (cellulose and glucolig were converted into
glucose at a 77.7% conversion rate, and xylan and xylolig into xylose at a rate of 78%), which further

increases the amount of carbon source available for fermentation.
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Figure 21. Concentration of acetone, butanol, and ethanol in g/L from fermentation for configuration one to six.

4.2.8 Increased initial feedstock mass flow

To evaluate the potential of DWSIM in predicting higher scale biobutanol production based on
laboratory results, the initial biomass feed was increased to assess the simulated biobutanol production.
As shown in Figure 22, upon increasing the mass flow of feedstock in each configuration to 4000 kg/h,
the production of butanol is estimated to range from 401.7 ODT/year in configuration one to 3073
ODTlyear in configuration three. The observed mass flow of butanol in configuration one, which utilized
hybrid poplar, is notably lower in comparison to the other five configurations. This discrepancy might
result from the selective hydrolysis of sugars exclusively with the liquid prehydrolysate, consequently
reducing the available amount of reducing sugars for fermentation. As of configuration two, the
enzymatic hydrolysis conversion rate was less efficient (cellulose to glucose at 38.44% xylan to xylose at
10.68%) when compared to other.
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5 DISCUSSION
5.1  Potential biorefinery locations in Canada

To further elucidate the potential of industrial-level biobutanol production and the location of the
developed configurations in Canada, Agriculture and Agri-Food Canada’s Biomass Inventory Mapping
and Analysis Tool (BIMAT)! was explored to assess biomass availability in different regions. BIMAT is
an interactive mapping application that maps out biomass inventory data of a variety of biomass sources
such as agricultural biomass, waste forestry biomass, and municipal solid waste, which enables the
analysis of the availability of the hardwood species (hybrid poplar wood and elmwood) and wheat straw
from the simulation studies. Furthermore, BIMAT can calculate the amount of biomass in a specified area
or to determine the area to be covered in order to secure a specified amount of biomass.

The mass flow of feedstock required was increased to 4000 kg/h in the simulation to represent
industrial level of biobutanol production. This biomass amount is equivalent to 35080 oven-dried tonnes
(ODT)/year because the moisture content was not included in the biomass composition in this simulation.
BIMAT calculated the required area to satisfy the demand for 35080 ODT of biomass, including (i)
hardwood residue (roadside harvest residue, mill wood residue, and mill bark residue) and (ii) wheat
straw. From there, potential locations for biobutanol production plant can be inferred. A total of 5 sites are
identified, two sites are for hardwood biomass and three sites are for wheat straw. The exact locations and
required areas to satisfy the demand are listed in Table 12.

Table 12. Location in longitude and latitude of the identified sites and area requirement in km? for hardwood and wheat straw
biomass.

Hardwood biomass

Site 1 Site 2
Longitude and Latitude  +46.698931 -70.876572 +45.481278 -72.073673
Area requirement (km?) 400 700
Wheat straw biomass
Site 1 Site 2 Site 3
Longitude and Latitude ~ +51.520299 -112.729126 +50.301202 -105.126587 +49.849958 -97.875611
Area requirement (km?) 700 700 800

Figure 23 displays a map resulting from BIMAT that illustrates the optimal sites discovered to
satisfy the required hardwood biomass demand. Initially, 9 sites with area ranging from 400 to 1400 km?
were identified. Then the sites that require more than 1000 km? were excluded to reduce the
transportation cost and subsequent CO emissions. As a result, a total of two sites, denoted by the X sign
and labeled as Site 1 and Site 2 on Figure 23 are recommended as the potential location for biobutanol
production plant. Both Site 1 and Site 2 are located within the southern part of the province of Quebec.
Site 1 is located just northeast of Quebec City, while Site 2 is located in the west of Sherbrooke. BIMAT

L https://www.agr.gc.ca/atlas/apps/aef/main/index_en.html?emafapp=bimat_ocib&mode=release&iframeheight=800
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also provided the breakdown of the type of biomass available. Within 400 km? radius of Site 1, BIMAT
calculated 2884 ODT of roadside harvest residue, 31181 ODT of wood mill residue, and 10066 ODT of
bark mill residue that will in total satisfy the biomass demand. BIMAT calculated that within a 700 km?
radius of Site 2, 16434 ODT of roadside harvest residue and 58684 ODT of bark mill residue are
available. The proposed biobutanol production plant at Site 1 can be integrated and co-located with a pulp

and paper mill to reduce operation costs.
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Figure 23. Map ofpr0\7ince of Quebec from Biomass Inventory Mapping and Analysis Tool outlining the location of sites to
supply 35080 tonnes/year of hardwood biomass.

Figure 24 illustrates the distribution of the identified potential locations (marked by X) for a
biobutanol plant requesting 35080 ODT of wheat straw biomass. Sites that require more than 1000 km?
were again excluded to minimize the requirement for transportation cost and associated CO; emissions. A
total of three sites were determined: Site 1 that requires 700km?, Site 2 with 700 km? area requirement
and Site 3 with 800 km?. Notably, these sites are exclusively located in regions covered by cropland,
depicted with light orange color. The identified locations are: Site 1 in Drumheller, Alberta, Site 2 near
Drinkwater, Saskatchewan, and Site 3 is located near Elie in Manitoba. A stand-alone biobutanol
production plant is recommended if wheat straw is used as the sole feedstock.
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Figure 24. Map of Alberta, Saskatchewan, and Manitoba from Biomass Inventory Mapping and Analysis Tool that outline the

sites with high availability of biomass to supply 35080 tonnes/year of wheat straw biomass.

5.2 Lignin applications in a biorefinery context

The focus of this study was to convert the hemicellulose and cellulose components of biomass.
However, lignin exists abundantly within the lignocellulose structure, and its utilization is key for a
sustainable and economic biorefinery. Typically, the lignin-rich stream resulting from the pretreatment
step is burned to generate heat or electricity in a biofuel production process (Liakakou et al., 2019).
However, this is a less effective usage of lignin, as it can be used as a feedstock for the production of fine
chemicals such as vanillin, dimethyl sulfoxide (Wang et al., 2018), and p-hydroxybenzoic acid (Alherech
et al., 2021). The presence of functional chemical groups, considerable antioxidant capacity, and the
inherent biodegradability of lignin position it as a highly promising raw material for creating enhanced-
value bioproducts using the biorefining process (Zhou et al., 2022). Through gasification, lignin is
converted into syngas, which can be used to produce chemical products and liquid fuels (Liakakou et al.,
2019).

Integrated biorefineries utilize biomass feedstock to convert it into biofuels as well as value-added
chemicals through various conversion pathways (Ng et al., 2015). Simultaneous production of high-value
products with biofuels or co-locating biofuel production plants with existing facilities are potential
solutions that can reduce the cost of biofuel production (Biddy et al., 2020). Integrating the conversion of

lignin to high-value products with biobutanol production enhances the economic viability of the biofuel
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production plant (Cotana et al., 2014). Each configuration in this simulation work has a stream rich in
lignin, separated from cellulose and hemicellulose after pretreatment or enzymatic hydrolysis. This stream
can be redirected to convert lignin into value-added products. This is an important aspect for future
studies to consider, aiming to improve the economic viability of the biorefinery.

In the configurations considered in this study, the lignin component of the biomass goes
unprocessed and simply discarded after pretreatment or enzymatic hydrolysis. However, as illustrated in
Table 13, there is a substantial amount of lignin that can be utilized to generate energy, produce high-
value chemical, and sell for further processing. The lignin-rich stream can be burned to provide heating
for pretreatment that will significantly reduce the energy requirement to heat up biomass flurry for
pretreatment. From the biorefinery aspect, the biobutanol production plant can simultaneously produce
lignin-derived high value chemicals. Lastly, if the plant does not have the capability to convert lignin into
high-value products, the discarded lignin-rich slurry can be sold for profit. It is recommended to dry out

the lignin-rich stream to minimize moisture content and consequently shipping cost.

Table 13. Amount of unprocessed lignin for each configuration in kg/h and point of separation.

Config 1 Config 2 Config 3 Config 4 Config 5 Config 6
Unprocessed  1075.2 1004.0 656.3 676.0 752.8 651.8
Lignin (kg/h)
Source Separation Separation Separation Separation Separation Separation
after after after after after after

pretreatment  hydrolysis hydrolysis hydrolysis hydrolysis hydrolysis

5.3 DWSIM Software Performance

Since this work is one of the first studies that employed the open-source software, DWSIM, to
simulate fermentative biobutanol production from lignocellulosic materials, it is important to assess the
experience during simulation development from the user’s perspective. This will enable potential
improvements to the software and will allow other researchers interested in simulating biorefinery
configurations to evaluate whether DWSIM is a viable software to use.

On the positive side, DWSIM is user-friendly and can be easily manipulated by users with limited
experience in simulations. The advantages of DWSIM are as follows: the interface is intuitive and clear,
the settings are easy to navigate, the simulator contains enough operating units to simulate the process,
inputs of the operating units and conditions are easy to manipulate, and compounds that do not exist in the
database can be easily included using the compound creator function.

However, some aspects of the DWSIM software need further improvement. For instance, the number
of conversion reactions seems to impact the accuracy of conversion percentages. In some flowsheets, the
reactions for fermentation required two conversion reactors, whereas in others, one conversion reactor

could accommodate all reactions. Therefore, the conversion reactor exhibited inconsistency regarding the
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number of conversion reactions that could be included. Additionally, when user-created compounds were
added after the flowsheet was developed, the operating units were unable to accept the newly added

compounds, rendering the flowsheet inactive.
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6 CONCLUSION AND RECOMMENDATIONS

A complete process model was developed and proposed using the open-source chemical process
simulator, DWSIM, to simulate the biological conversion of lignocellulosic feedstocks to biobutanol. This
study, among the first to utilize the open-source software DWSIM for simulating fermentative biobutanol
production from lignocellulosic materials, demonstrates the capability of open-source simulators in
computational modeling of biobutanol conversion processes from lignocellulosic biomass. Based on the
developed configurations, it can be concluded that DWSIM provides flexibility in varying the feedstock
composition, pretreatment conditions (operating temperature, SLR), pretreatment methods (dilute acid
pretreatment, autohydrolysis), and other parameters that are usually considered in experimental studies,
such as enzymatic hydrolysis content (pretreated solid, prehydrolysate liquid, and a combination of
prehydrolysate liquid and pretreated solid).

From the simulation results, utilizing at least the pretreated biomass solid for further processing
yielded higher biobutanol yields than using solely liquid prehydrolysate. Additionally, enzymatic
hydrolysis efficiency impacted the overall biobutanol yield in the developed models. Increasing the initial
biomass feed in DWSIM revealed biobutanol production estimates ranging from 401.7 to 3073 ODT/year
across configurations. This demonstrates that DWSIM has the potential to predict industrial-level
production of biobutanol from laboratory-scale results. Five potential sites for biobutanol plants utilizing
hardwood biomass or wheat straw as feedstock are proposed across Canada, aimed at minimizing
transportation costs and emissions. Specifically, these sites include two locations in Quebec and three in
Alberta, Saskatchewan, and Manitoba, utilizing wheat straw biomass.

While DWSIM offers user-friendly features such as intuitive interfaces and easy manipulation of
inputs, challenges include inconsistent accuracy of conversion percentages based on the number of
conversion reactions and difficulties integrating user-created compounds into existing flowsheets,
rendering them inactive.

With respect to future studies, several recommendations emerge:

1. The range of compounds created on DWSIM in addition to xylose and xylooligomer can be
expanded to better reflect the breakdown of hemicellulose.

2. Itis recommended to conduct a comparative analysis of DWSIM performance with a commercial
simulator, particularly in biobutanol production, could further prove the effectiveness of this
software.

3. Separating the xylose conversion and glucose fermentation reactions into two distinct reactors is
advised. This segregation can mitigate potential errors in the flowsheet, which may arise when

both reactions are accommodated within a single conversion reactor.



53

4. Adapt the biorefinery concept to co-locate biobutanol plant with existing pulp and paper mill to
reduce energy consumption and cost. This will also facilitate access to pulp and paper mill
residues to be used as part of the feedstock for biobutanol production.

5. In addition, co-production of value-added products from lignin can also be considered and
simulated to increase revenues.

6. Future work can attempt to conduct economical comparison between configurations with varying

parameters such as pretreatment method and conditions on the same type of feedstock.
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